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The major drawback for the fabrication of the small molecule based OLEDs is 
that these molecules are difficult to process.  They have to be either vacuum-deposited or 
doped into a host material, often resulting in phase separation and poor device 
performance.  A more appealing strategy is the employment of polymers that can be 
solution-processed, which is less costly compared to vacuum deposition technique.  In 
addition to the reduced cost, solution processability allows for large surface area 
fabrication.  Furthermore, polymers are suitable for flexible displays, and the emission 
properties of the polymers can be tailored by various synthetic strategies.  Finally, 
polymers can be multi-functional; more than one electroactive group such as electron- 
and hole-transport compounds along with the emissive material can be incorporated into 
polymers, thus, creating materials that can combine properties of different layers in just 
one layer. 
This thesis aims to provide a detailed understanding of side-chain functionalized 
polymers as emissive materials for OLEDs.  The proceeding chapters will discuss the 
syntheses and photophysical properties of these solution-processable materials as well as 
the effects of  metal types, polymer backbones, chain lengths, spacer types and lengths, 
host types, and concentrations of the metal complexes on the emission properties and 
device performance.  
The polymers were functionalized with host materials along with the metal 
complexes to enhance the charge transport and to obtain energy transfer from the host to 
the complex.  The physical and photophysical properties of the polymers were tuned by 
changing the backbone and the metal complex.  Poly(norbornene)s, poly(cyclooctene)s, 
and poly(styrene)s were studied.  The differences in the glass transition temperatures and 
 xx 
PDIs of the polymers indicated that device performances might be affected by the 
polymer type due to the differences in the processability of the polymers.  In addition to 
the backbone, it was found that device performance is dependent on various parameters 
such as molecular weight, metal loading, spacer type, and spacer length.  In each case, it 
was found that the polymer backbone does not interfere with the basic photopysical 
properties of the metal complexes.  
The two main classes of metal complexes studied in this thesis are 
metalloquinolates and iridium complexes.  It was shown that the emission properties of 
poly(cyclooctene)s containing 8-hydroxyquinolines in their side-chains could be altered 
by simply changing the metal.  Green- and near IR-emitting polymers were synthesized 
by employing aluminum and ytterbium, respectively.  On the other hand, for the iridium 
complexes, changes in color were achieved by varying the ligands.  Iridium containing 
polymers with emission spectra that span the entire visible spectrum were synthesized by 
employing the appropriate ligands.  It was demonstrated that OLEDs with high 






INTRODUCTION TO ORGANIC LIGHT EMITTING DIODES 
 
1.1  Abstract 
This chapter presents a basic introduction to organic light-emitting diodes.  
Fundamentals of device operation are discussed, and examples for the materials 
employed in OLEDs are presented.  Furthermore, mechanism of light emission is 
discussed in detail.  Finally, OLEDs based on electroluminescent polymers are described.   
 
1.2  Background Information 
Organic light-emitting diode technology has been advancing rapidly as the next-
generation technology that can compete with liquid crystal displays (LCDs), today’s 
dominant flat panel display technology.  Compared to LCDs, OLEDs feature wider 
viewing angle, lower power consumption and operating voltages, lighter weight, faster 
data display, and brighter, more saturated colors.1,2  Furthermore, OLEDs do not require 
backlight to function, another significant advantage of OLEDs over LCDs.3  Even though 
OLED technology is still an emerging technology, devices containing OLEDs are already 
on the market.  It has been proposed that the OLED market will exceed $3 billion by 
2008.4 
 
1.3  Device Operation 
Electroluminescence, in which light emission is obtained by the recombination of 
opposite charges injected from two electrodes, has received increasing attention over the 
past two decades.1,5  Although organic electroluminescent materials have been known 
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since the 1950s,6  intense research on organic compounds as key components in light-
emitting diodes (LED) did not begin until 1987 when Tang and VanSlyke discovered 
tris-8-hydroxyquinoline aluminum (Alq3) as an efficient emissive layer in LED devices.7  
Since then, small molecule organic compounds, organometallic complexes, conjugated 
polymers, and polymers containing photoactive groups have been the focus of extensive 
research in academia and industry due to their promise as low cost materials and the ease 
of modification of the emission wavelength of these materials using simple synthetic 
procedures. 
In the simplest LED structure, emissive material is placed between two electrodes 
(Figure 1.1).  The high work function electrode (anode) is in most devices indium tin 
oxide (ITO), which is transparent and allows the light generated to exit the device.1  
There are several choices for the low work function electrode (cathode) that include Ag, 
Al, Mg, and Ca.1  Under an applied voltage, electrons are injected from the cathode and 
the holes are injected from the anode.  In order to facilitate the charge transport, 
additional layers such as electron-transport or hole-transport layers are usually deposited 
between the electrodes and the emissive layer.1,5,6  Light emission is dependent on the 
efficient charge trapping in the emissive layer.  When electrons and holes are trapped, 
electron-hole binding results due to the Coulombic attraction of the opposite charges.  
This electron-hole pair is referred to as an exciton.  Light emission is obtained by the 
radiative recombination of the excitons.8  HOMO and LUMO levels of each layer are 
decisive in terms of device performance.5  Electron-transport materials have low 
LUMOs, which facilitate the electron injection from the cathode.9  If they have low-lying 
HOMOs, they can also serve as hole-blocking material by blocking the holes at the 
interface of the emissive layer and the electron-transport layer.  The most widely used 
electron-transport compounds are oxadiazoles, metalloquinolates, triazoles, triazines, 
phenanthrolines, and siloles (Figure 1.2).9  On the other hand, triarylamines (Figure 1.3) 
are used almost exclusively as hole-transport compounds due to their high HOMOs and 
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LUMOs,10 which facilitate hole injection from the anode and electron blocking at the 
interface of the emissive layer and the hole-transport layer, respectively.  
 
 
Figure 1.1  Schematic energy-level diagram for a device containing an anode, hole-
transport layer (HTL), emissive layer, electron-transport layer (ETL), and a cathode (ΔE 
= energy barrier for charge injection from the electrodes).  
 
 
Figure 1.2  Examples of electron-transport compounds based on metalloquinolates (1), 
siloles (2), triazoles (3), and oxadiazoles (4). 
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Figure 1.3  Examples of hole-transport compounds: NPD (5), and CBP (6). 
 
 
Three main terms are used to describe device performances: External quantum 
efficiency, luminous efficiency and power efficiency.  The external quantum efficiency is 
the ratio of luminescence output from the device to luminescence from the emissive 
layer.  The latter term can be viewed as the internal quantum efficiency, which is defined 
as the ratio of the number of photons produced within the device to the number of 
electrons flowing in the external circuit.1  Since not all light produced within the emissive 
layer can pass through the device, the external quantum efficiency is lower than the 
internal quantum efficiency.  Another factor that determines the quality of the device is 
the luminous efficiency (cd/A), which is defined as the ratio of luminance (cd/m2) to the 
current density (A/m2).11  Finally, the power efficiency (lm/W) is the ratio of the light 
output in lumens divided by the electrical input in watts.  Thanks to the extensive 
research on small molecule-based OLEDs, the efficiencies of devices now reach high 
values.  For example, a maximum external quantum efficiency of 19% and a power 
efficiency of 60 lm/W with a luminous efficiency of 86 cd/A were obtained for devices 
with organometallic complexes as the emissive compounds.12  Even at a luminance of 
1000 cd/m2 (luminance of a laptop screen is around 100 cd/m2), an external quantum 




1.4  Emission Pathways 
The most common emissive materials for OLEDs are either fluorescent or 
phosphorescent.  Figure 1.4 shows a partial energy diagram for a photoluminescence 
system.  Upon light absorption, an electron is transferred from the ground state to a 
singlet excited state.  The electronic state and vibrational level of the excited electron 
depends on the energy of the absorbed photon.  Transitions from the ground state to the 
triplet states are spin-forbidden and thus highly improbable.13  The excited electron 
relaxes to the lowest vibrational level of the lowest singlet excited state by vibrational 
relaxation in 10-13 to 10-11 seconds.14  This process is referred as internal conversion.  
Once the electron is at the lowest vibrational level of the lowest excited singlet state, 
there are several possibilities for further relaxation.  Fluorescence occurs when light is 
generated by the relaxation from the singlet excited state to the ground state.  This 
process usually takes about 10-9 seconds.14  The efficiency of fluorescence is dependent 
on competing factors such as radiation-less relaxation to the ground state or intersystem 
crossing to a triplet state.15  Phosphorescence occurs when light is produced from the 
transition from an excited triplet state to the ground state.14  Phosphorescence lifetime is 
much longer than that of fluorescence and can range from microseconds to minutes.  The 
main advantage of the phosphorescent compounds over the fluorescent compounds is that 
100% photoluminescence quantum efficiency is possible for phosphorescent compounds, 
provided that there is an efficient intersystem crossing from the singlet excited state to the 
triplet excited state.8  This can be achieved by employing heavy metal complexes, which 
have strong spin-orbit coupling that leads to singlet-triplet mixing, which in turn results 




Figure 1.4  Partial energy diagram for photoluminescence. 
 
Another type of emission can be obtained by the employment of lanthanide 
complexes as the emitting layer.  In these complexes, emission stems from the lanthanide 
metal ion, the ligands are only responsible for the energy transfer into the metal.18  
Emission bands of the lanthanide complexes are much narrower than those of fluorescent 
or phosphorescent compounds due to their 4f electrons, which are responsible for their 
photoluminescence properties.  The efficient shielding of 4f electrons from the external 
forces by the overlying 5s2 and 5p6 orbitals results in a small splitting of the excited states 
arising from the fn configuration.19  The small splitting of the excited states together with 
the weak vibronic couplings due to ion centered electronic states give rise to sharp 
absorption and emission bands.  In lanthanide complexes, the lanthanide ions are excited 
via intramolecular energy transfer from the triplet excited states of the ligands.20  In order 
to have an efficient energy transfer to the lanthanide ions, the triplet states of the ligands 
should be slightly above the metal ion’s emitting levels.19  The excitation of the ligands 
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and the transfer to the triplet states are described in Figure 1.4.  Fig 1.5 shows the energy 
transfer to the lanthanide ion.  Lanthanide complexes can produce both visible and near 
infrared emission.  For example, Tb+3 and Eu+3 chelates are used to obtain green and red 
emission, respectively, whereas near IR emissions are observed for Yb+3, Nd+3, and Er+3 
complexes.19  
 
Figure 1.5  Energy transfer from the triplet states of the ligand to the lanthanide. 
 
1.5  OLEDs with Polymers 
The major drawback for the fabrication of the small molecule based OLEDs is 
that these molecules (organic dyes or organometallic complexes) are difficult to process.  
They have to be either vacuum-deposited or doped into a host material, often resulting in 
phase separation and poor device performance.21  A more appealing strategy is the 
employment of polymers that can be solution-processed, which is less costly compared to 
vacuum deposition techniques.22  In addition to the reduced cost, solution processability 
allows for large surface area fabrication.23  Furthermore, polymers are suitable for 
flexible displays, and the emission properties of the polymers can be tailored by various 
synthetic strategies.24,25  Finally, polymers can be multi-functional; more than one 
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electroactive group such as electron- and hole-transport compounds along with the 
emissive material can be incorporated into polymers, thus, creating materials that can 
combine properties of different layers in just one layer.23-26  
There are basically two different types of emissive polymers: Conjugated 
polymers, for which the polymer backbone is responsible for the emission, and 
nonconjugated polymers with side-chain photoactive groups that can generate light.22-25  
Figure 1.6 shows examples of emissive polymers.  Apart from the emissive layer, 
polymers can also be used as electron- or hole-transport layers.  Poly(p-
phenylenevinylene)s, poly(thiophene)s, and  oxadiazole containing polymers are widely 
used as electron-transport polymers.9  On the other hand, poly(N-vinyl carbazole)s and 
polymers with triarylamines are the most common hole-transport polymers.10   
 
Figure 1.6  Examples of emissive polymers based on side-chain iridium complexes (7 
and 8), poly(fluorene) (9), and poly(para-phenylene vinylene) (10). 
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Efficiencies of the devices with a polymeric emissive layer have been increasing 
steadily over the last ten years, although there is still need for significant improvements.  
The external quantum efficiencies of these devices are lower than 10% and the luminous 
efficiencies are around 5 cd/A (a more detailed discussion of device performances will be 
given in the next chapter).  Although these efficiencies are lower than those of equivalent 
devices based on vacuum-deposited material, they demonstrate the promise that this new 
strategy holds for OLEDs.  In the next chapter, employment of emissive metal complexes 
and their polymeric analogs in OLEDs is described, and strategies to enhance the 
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INTRODUCTION TO LUMINESCENT METAL COMPLEXES 
 
2.1  Abstract 
Employment of luminescent metal complexes as emissive layers in OLEDs is 
described with a focus on metalloquinolates and iridium complexes.  Furthermore, 
literature reports on polymers with metalloquinolates and iridium complexes are 
reviewed, and strategies to optimize polymer structures are discussed. 
 
2.2  Introduction 
The focus of this thesis is the design and syntheses of polymers with side-chain 
emissive metal complexes for OLED applications.  Additional photoactive groups such as 
hole-transport compounds are incorporated into the polymers along with the metal 
complexes in order to enhance the charge mobility, provide energy transfer into the metal 
complexes and to increase the solubility of the polymers.  Three different types of metal 
complexes are used: Green-emitting fluorescent aluminum tris(8-hydroxyquinoline) 
(Alq3), near IR-emitting ytterbium tris(8-hydroxyquinoline) (Ybq3), and phosphorescent 
iridium complexes with emission spectra that span the whole visible spectrum.  Although 
aluminum-based systems are significantly cheaper in comparison to the transition metal 
complexes, higher internal quantum efficiencies have been obtained for OLEDs with 
iridium complexes due to the intersystem crossing from the singlet to the triplet excited 
state as discussed in section 1.4.  On the other hand, lanthanide complexes are appealing 
due to the possibility of fabricating near IR-emitting OLEDs.  In this chapter the basic 
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photophysical properties of these complexes will be discussed, and the current literature 
that describes the polymeric versions of these complexes will be reviewed. 
 
2.3  Metalloquinolates 
Over the last two decades, metal-chelates of quinolines have been studied in detail 
as active compounds in OLED devices.1,2  In particular, the use of 8-hydroxyquinoline as 
a ligand in coordination complexes for optical applications has been employed since the 
discovery of Alq3 as an electron-transport and emitting layer.3  Several reasons account 
for the popularity of metallated 8-hydroxyquinoline-based complexes.  First, while the 
emission stems from the ligands, the type of metal plays an important role in determining 
the optical properties such as fluorescence quantum yield and excited state lifetimes.4  
Therefore, by simply changing the metal, one can tune the optical properties of the 
complexes.  Second, the incorporation of electron-donating and -withdrawing groups on 
the ligands changes the electronic properties of the complex, which changes the optical 
properties, giving the scientist another handle to tune the optical properties.  Finally, most 
metal-hydroxyquinoline complexes are octahedral (Figure 2.1).  Since 8-
hydroxyquinoline is an unsymmetrical ligand, two different isomers are possible for these 
metal chelates.  In the facial isomer, the oxygen and nitrogen atoms are placed on the 
faces of the octahedron such that each oxygen atom has a nitrogen atom in the opposite 
position.  In the meridianal isomer, only one oxygen atom is opposite to one of the 
nitrogens.  The meridianal isomer belongs to the symmetry group C1, whereas the 
symmetry group of the facial isomer is C3.  Because the two isomers have different 








Through simple variations of these parameters, the optical properties and 
ultimately the photo and electroluminescence of the OLED can be tuned towards more 
specific applications.  Over the next pages, properties of aluminum and ytterbium 
hydroxyquinolates, and their status in device applications will be discussed.   
 
2.3.1  Aluminum tris(8-hydroxyquinoline)  
The vast majority of metal-quinolate complexes employ aluminum as the metal 
center.  Most Alq3-based systems only use the meridianal form.  The first experimental 
evidence for the presence of fac-Alq3 was reported recently, in 2001.5  For both isomers, 
DFT and Ab Initio calculations revealed that the HOMOs are localized on the 
phenoxides, while the LUMOs are localized on the pyridyl ring.6,7  It has been suggested 
that the injection of charges results in only small changes in both the bond lengths and the 
bond angles, indicating a high structural stability of the molecule.6  The π-π stacking 
interactions are mainly due to a pyridyl/pyridyl ring overlap.8  Since LUMOs are 
localized on pyridyl rings, overlap of pyridyl rings directly influences the electron 
mobility behavior of Alq3.   
As described earlier, π-π* transitions in Alq3 are localized on the ligands, with the 
HOMOs located on the phenoxides, and the LUMOs on the pyridyl ring.  These facts 
provide the opportunity to tune the emission wavelength by substituting electron-
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donating or -withdrawing groups at the proper positions of the ligand.1  However, it 
should be noted that substituents affect the intrinsic properties of the complexes, which in 
turn may affect the device performance.  For example, substitution of fluorine at the C5 
position resulted in a significant decrease in device performance with luminance only 10 
% of analogous Alq3-based devices.9  
 
2.3.2  Polymers with Covalently Attached Alq3  
Covalent conjugation of the quinoline complex to a polymer backbone prevents 
phase separation, providing a homogeneous layer thereby increasing the charge mobility 
compared to doped systems.  Covalent conjugation first appeared in the literature in 
2000, and since then there have only been a limited number of reports in the literature.  
Three types of polymerization methods have been employed so far: step-growth 
polymerizations,10  ring-opening metathesis polymerizations (ROMP),11-13  and radical 












Figure 2.2  Polymers with pendant metal-quinolate complexes. 
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The first example of a metal quinolate containing polymer is 1, which is a rigid 
polymer with a glass-transition temperature of 203 oC.10  In this system, Alq3 was 
complexed in a post polymerization reaction.  The Alq3 content in the polymer was 11 
mol %.  Increasing the Alq3 content further resulted in cross-linking and decreased 
solubility of the polymer. 
The Weck group reported the first synthesis of fully metal-complex functionalized 
monomers that could be polymerized in a controlled fashion.  This strategy minimized 
the cross-linking, allowed for the controlled formation of copolymers, and ensured full 
metallation of each hydroxyquinoline moiety.11  The metal containing monomers were 
copolymerized with a norbornene monomer containing a pendant alkyl chain to increase 
solubility (Figure 2.2, polymers 5a-e).  Using this approach, the Alq3 content in the 
polymer could be increased to 20%.11  Similar to small molecule chelates, changes in the 
emission color of the polymers can be obtained by simple ligand substitution (Figure 
2.2).  As expected, electron-withdrawing groups on the phenoxide ring resulted in a blue 
shift while increased conjugation of the ligand in 5c caused a red shift.13  These effects 
were observed in solution as well as the solid state (all polymers were solution 
processable).  The same trend was observed when the metal was changed from aluminum 
to zinc.12  From these studies we were able to conclude that these polymers retained the 
photoluminescent properties of the metalloquinolate moiety while gaining the added 
advantage of being solution processable. 
Another class of polymers that can provide good processability are poly(styrene)s.  
Polymer 4 is a system that contains styrene with functional handles randomly dispersed 
throughout a poly(styrene) copolymer synthesized via a free radical polymerization 
followed by the attachment of the hydroxyquinoline (Figure 2.2).17  Thus, this approach 
provides a modular backbone for the design of polymer-based metalloquinolates through 
the complexation of a variety of metals.  It was demonstrated that different metals such as 
aluminum and boron can be introduced to obtain complexes with tunable polymer and 
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optical properties.  The quantum yield of polymer 4 was approximately half of the small 
molecule Alq3.17  
The last polymer that has been functionalized with metal quinolate complexes is 
PMMA.  Contrary to the other systems discussed above, PMMA-based systems have 
been studied in OLEDs, however, device performances are not promising.  Polymer 2 
was the first example of a soluble homopolymer having a pendant Alq3-type complex.15  
The electroluminescence spectrum of 2 showed an emission maximum at 540 nm.  This 
slight red shift was attributed to the presence of the alkyl chain.  Polymer 2 was 
employed as the emission layer in an OLED.  The turn-on voltage of the device was 10 
V.  At around 20 V, the current density was close to 40 mA/cm2, and luminance was 
approximately 30 cd/m2.15 
The final example of PMMA-based materials is polymer 3 (Figure 2.2).16  This 
polymer was prepared by free radical polymerization.  The performance of the device 
made of the crosslinked polymer with aluminum as the metal was very low with an 
external quantum efficiency of only 0.1%.20   
The covalent conjugation of Alq3 to polymer backbones is a very nascent area of 
research.  The first challenge to overcome is the low concentration of complex in the 
polymers.  Nevertheless, increased concentration of the complex and a more thorough 
examination of this new class of polymers in OLEDs may render this approach superior 
to the small molecule metal chelates and doped systems 
 
2.3.3  Ytterbium tris(8-hydroxyquinoline)   
Current research on OLEDs is focused on the luminescent materials with 
emission in the visible region.  Little attention has been given to the organic materials 
that emit light in the infrared region.  Infrared-emitting materials can be employed in 
electronic devices, such as organic light-emitting diodes,21-27  and in photonic 
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communication networks, especially silica optical fibers.28-30  Optical fibers based on 
infrared-emitting materials are potentially useful for high speed data transmission by 
confining light in a region of high refractive index between regions of low refractive 
index.30  Near Infrared region is the optimum wavelength region for light traveling 
through the optical fibers due to the minimum transmission loss in this region.30,31  
As discussed in Chapter 1, the design of lanthanide-based infrared emitters 
includes ligands with energy levels that overlap the energy levels of the lanthanide metal 
in order for the energy transfer to occur.  A wide variety of ligands have been coordinated 
to different lanthanide metals in order to optimize the energy transfer.25-28,30,32,33  One 
ligand that has been used frequently in these studies is 8-hydroxyquinoline.21,23,28,31,32,34  
Lanthanide quinolate complexes have been sublimed into thin films and doped into 
polymer matrices, producing emission in near infrared region.32 
There have been only a few studies on ytterbium tris(8-hydroxyquinoline), which 
has an emission maximum of 980 nm.35-38  Unfortunately, like the other lanthanide 
quinolate complexes, OLEDs based on Ybq3 gave poor device performances.35  A major 
problem with these complexes is the concentration quenching that significantly decreases 
the internal quantum efficiencies of the devices.25,27  Attaching these complexes to 
polymer backbones along with comonomers that might function as spacers between the 
complexes can result in the isolation of the complexes from each other, which in turn 
might prevent the concentration quenching.  There has been no report in the literature on 
Ybq3 (or other lanthanide quinolate complex) functionalized polymers.   
 
2.4  Iridium Complexes 
Phosphorescent metal complexes are at the center of intense research for organic 
light emitting diodes.39-43  Strong spin-orbit coupling in these complexes induces the 
intersystem crossing from the singlet to the triplet excited state, leading to highly efficient 
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phosphorescence.  Indeed, nearly 100% internal quantum efficiency has been obtained 
for OLEDs based on transition metal complexes.44-46  Due to the heavy atom effect on the 
spin-orbit coupling, complexes containing third-row transition metals have been widely 
used in OLEDs.39-43  Of these, iridium complexes exhibit the most promising properties 
in terms of device performance.44-52  Octahedral cyclometalated iridium complexes 
spanning the whole visible spectrum have been synthesized and employed in OLEDs 
with high external quantum efficiencies. 
There are two possible isomers for octahedral iridium complexes: Facial and 
meridianal (Figure 2.3).  Phosphorescence quantum yields of the facial isomers are much 
higher (usually an order of magnitude higher) than the meriadanal isomers.52  Therefore, 
synthesis of isomerically pure complexes is crucial in order to obtain good device 
performance.  Procedures for the selective synthesis of the facial isomer and thermally-




Figure 2.3 Structures of the facial and meridianal isomers of the octahedral iridium 
complexes 
 
In a typical absorption spectrum of a cyclometalated iridium complex, ligand-
centered π-π* transitions are observed in the high-energy region.47  In the low-energy 
region, starting from 350 nm, metal to ligand charge transfer (MLCT) transitions are 
observed.47  Strong spin-orbit coupling of the iridium complexes can be observed in the 
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absorption spectra of the complexes.  Both 1MLCT and 3MLCT bands are detected for 
these complexes.48  Comparable extinction coefficiencies of 3MLCT bands to spin-
allowed 1MLCT bands indicate efficient mixing of singlet and triplet excited states due to 
the strong spin-orbit coupling.  The emission spectra of the complexes with similar 
absorption spectra can be significantly different due to the relative positions of 3(π-π*) 
and 3MLCT levels.48  In general, small Stokes shifts between the absorption and emission 
bands are observed when the lowest excited state is 3MLCT state.  On the other hand, 
when the lowest excited state is 3(π-π*), large Stokes shifts are observed.48  Furthermore, 
in general, emission bands from 3MLCT state are broad and featureless, whereas 
emission bands from 3(π-π*) states are structured.54   
It is well-known that the emission spectra of iridium complexes can be tuned by 
the employment of electron–donating and –withdrawing groups on the ligands of the 
metal complex or by changing the ligand conjugation length (Figure 2.4).  Table 2.1 lists 
the basic photophysical properties of some of the iridium complexes with different 
emission colors.  Electron-withdrawing fluorine groups on the phenyl ring of Ir(ppf)3 
shift the emission towards the blue compared to the parent complex due to the 
stabilization of HOMO.52  On the other hand, increased conjugation of Ir(pq)3 leads to a 
red shift in the emission compared to Ir(ppy)3.47,48  Another strategy to change the 
emission maxima of the complexes involves the employment of heteroatoms in the 
conjugated ring.  For example, as in the case of Ir(btpy)3, high polarizibility and basicity 
of the sulfur can contribute to a red shift in the emission, due to the destabilization of 





Figure 2.4  Examples of phosphorescent iridium complexes 
 
Table 2.1  Basic photophysical properties of common iridium complexes 
Compound λem (nm)a, Φb τ (µs)c 
Ir(fppy)3 468 0.43 1.60 
Ir(ppy)3 510 0.40 1.90 
Ir(ns)2acac 557 0.26 1.80 
Ir(pq)2acac 597 0.10 2.0 
Ir(btpy)2acac 612 0.21 5.8 
aIn solution. bPL quantum yield in degassed 
solution. cLuminescence lifetime in degassed 
solution. 
 
2.4.1  Polymers with Covalently Attached Iridium Complexes 
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There have been two different classes of polymer backbones employed for 
iridium attachment: Conjugated and nonconjugated backbones.  For nonconjugated 
polymeric systems, iridium complexes are incorporated into the polymers as side-chains 
with spacers linking the complexes to the polymers.  For conjugated systems, two 
different routes have been employed: side-chain functionalization and placing the 
complex in the main-chain.  Figure 2.5 shows examples of polymers with iridium 
complexes in the main-chain.55,56  Polymers 6 and 7 are synthesized via Suzuki coupling 
reactions.  Emission spectrum of 6 is strongly dependent on the chain length.  For 
oligomers (n = 1-3), concentration quenching is observed in neat films due to high 
contents of the iridium complex.  For polymers (n = 15 or 30), even though strong 
emission of the metal complex is observed in the electroluminescence spectra, a weak 
fluorene emission is also detected.  Furthermore, increased conjugation of the fluorene 
groups led to a decrease in the triplet energy of poly(fluorene), resulting in an efficiency 
decline for the metal complex emission due to triplet energy transfer onto fluorene 
segments.55  No device performance was reported for polymer 6.  On the other hand, even 
though not comparable to small molecule-based analogues, OLEDs based on polymer 7 
gave good promising performances.56 All polymers (iridium complex content ranging 
between 0.4 and 4.2 mol%, molecular weights 20-30 kDa) exhibited EL emission only 
from the red-emitting metal complex.  The best performance was observed for the 
polymer with 1 mol% iridium complex loading with an external quantum efficiency of 
6.5% and luminous efficiency of 2.5 cd/A at the current density of 38 mA/cm2 and 
operating voltage of 15.1 V.  At 100 mA/cm2, the efficiency is 5.3%.56  Careful selection 
of the metal complex and the polymer length is crucial for the polymers with the complex 
in the main chain in order to prevent energy transfer from the complex to the triplet level 




Figure 2.5  Examples of polymers with iridium complexes in the main chain 
 
The most common method for the synthesis of the iridium containing polymers is 
the attachment of the complex to the polymer through a spacer.  Polymers 8 and 9 are 
examples of side-chain functionalized poly(fluorene)s.57,58  For polymer 8, carbazole 
groups are employed as hole-transport groups along with the emissive iridium complex.  
Devices with carbazole groups on the polymer gave higher efficiencies and lower turn-on 
voltages compared to the devices without carbazole groups (k = 0), which demonstrates 
the ability of multi-functional polymers to combine the properties of different functional 
units.  The best device (polymer properties: m:n:k = 1.3:0:98.7, Mw = 154 kDa, PDI = 
2.73, see Figure 2.6) has an EQE of 1.59 and luminous efficiency of 2.8 cd/A at 7V and 
65 cd/m2.57  A similar polymer, 9, was used to study the effect of the spacer on the 
emission properties.58  Higher PL and EL efficiencies are observed for the polymers with 
a longer spacer (k = 9) compared to the polymers with a short spacer (k = 1), which is 
attributed to inhibition of the triplet energy back transfer from the iridium complex to the 
poly(fluorene) backbone.58  Increased efficiency upon spatial separation of the complex 
from the backbone suggests that the covalent linkage of the complex through a spacer is a 
more promising design strategy than the conjugative linkage of the complex (as in 




Figure 2.6  Examples of side-chain functionalized polymers 
 
Another strategy for side-chain functionalized polymers is the employment of 
nonconjugated backbones as supports for the iridium complexes.  As discussed above, 
energy transfer from the backbone to the complex and the triplet energy back transfer 
from the complex to the backbone are important factors for conjugated polymer based 
systems.  In general, red-emitting complexes are employed in order to have an efficient 
energy transfer from the blue-emitting poly(fluorene) backbone.  Furthermore, triplet 
levels of red-emitting complexes are lower than the triplet levels of poly(fluorene)s, 
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making the triplet energy back transfer less probable.  It is clear that both the backbone 
and the complex should be carefully chosen in order to have a good device performance.  
On the other hand, nonconjugated polymers are not involved in the energy transfer 
process.  Although they affect the charge mobility, their most important function is to 
provide processability for device fabrication.  Polymer 10 is an example of a 
nonconjugated backbone with a blue-emitting iridium complex as the side-chain.59  The 
polymers are synthesized by free radical polymerization.  Carbazole groups are used to 
provide energy transfer into the complex.  The best device (polymer properties: m:n = 
1:5.7, Mw = 45 kDa, PDI = 2.38) has an EQE less than 1%, and a luminous efficiency of 
2.23 cd/A at 10 mA/cm2.59 
The Weck group has reported poly(styrene)60  and poly(norbornene)61  based 
iridium complex containing polymers (Figure 2.7).  Poly(styrene) is a commodity 
polymer that is industrially appealing while poly(norbornene)s can be prepared in a 
controlled fashion, allowing for easy modification of the polymer properties.  A more 
detailed discussion of these polymer backbones will be provided in the proceeding 
chapters.  Polymer 11-13 contain fac-Ir(ppy)3, the most widely used iridium complex in 
OLEDs.  On the other hand, polymer 14 contains a cationic iridium complex.  These kind 
of charged complexes are used in light-emitting electrochemical cells (LECs).  All four 
polymers contain comonomers to increase the solubility of the polymers and to decrease 
the chromophore density on the polymer to prevent concentration quenching.  In addition, 
carbazole groups in polymer 12 can enhance the charge mobility and provide energy 
transfer into the complex.60  In all cases, the photophysical properties of the polymers 






Figure 2.7  Poly(styrene)s and poly(norbornene)s with iridium complexes 
 
In the examples discussed above, emission stems from the iridium complex and 
the polymers are used to obtain a single color.  On the other hand, white emission is 
obtained for polymer 15, which contains a poly(fluorene) backbone for blue emission, a 
benzothiadiazole type comonomer for green light emission and a side-chain iridium 
complex for orange light emission.62  The combination of the emissions from different 
parts of the polymer resulted in white light with high purity.  The best device (m = 0.05 




Figure 2.8  Example of a white-emitting polymer 
 
2.5  Design Principles 
This thesis aims to provide a detailed understanding of side-chain functionalized 
polymers as emissive materials for OLEDs.  The proceeding chapters will discuss the 
syntheses and photophysical properties of these solution-processable materials as well as 
the effects of  metal types, polymer backbones, chain lengths, spacer types and lengths, 
host types, and concentrations of the metal complexes on the emission properties and 
device performance.  
Ring-opening metathesis polymerization (ROMP) is chosen as the polymerization 
method due to its high tolerance to a wide variety of functional groups.  Furthermore, 
considering that it allows for a high degree of control over molecular weights, ROMP is 
an ideal polymerization method to study the effect of molecular weight on device 
performance.  The two main classes of the polymer backbones that will be described in 
the following chapters are poly(cyclooctene)s and poly(norbornene)s.  These two 
backbones have different physical properties, i.e. different glass transition temperatures, 
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therefore, device performances might be affected by the polymer backbone due to the 
differences in the processability of the polymers.    
Four different metals are studied: Aluminum, ytterbium, iridium and platinum.  
Chapter 3 describes the syntheses and characterization of 8-hydroxyquinoline 
functionalized poly(cyclooctene)s.  It will be demonstrated that it is possible to tune the 
emission properties of the polymers by simply changing the metal from aluminum to 
ytterbium.  Furthermore, it will be shown that the host material on the polymers is 
capable of transferring the absorbed photoexcitation energy into the metal complex.  
Chapter 4 describes the ring-opening metathesis polymerization studies of 
norbornene-based monomers with platinum complexes. In this chapter, the effect of the 
ligand type on the polymerization behavior of the monomers will be discussed.  The rest 
of the thesis, Chapters 5-8, is focused on the polymers with side-chain iridium 
complexes. Chapter 5 depicts a system based on poly(cyclooctene)s with side-chain host 
material and Ir(ppy)3, the most widely employed iridium complex in OLEDs.  As in 
Chapter 3, the interaction between the host and the metal complex in terms of energy 
transfer will be determined, and it will be shown that the polymer backbone does not 
interfere with the photophysical properties of the complex. 
The majority of the thesis is centered on the fully functionalized monomers that 
are copolymerized with host materials to obtain a controlled and quantitative metal 
complex functionalization on the polymer.  Another strategy is the modification of 
polymers with the metal complex in a post polymerization reaction, allowing for 
attachment of a library of metal complexes onto the polymer backbone.  In Chapter 6, it 
will be shown that polymers with side-chain azide groups can be quantitatively 
functionalized with metal complexes by taking advantage of the 1,3-dipolar cycloaddition 
reactions. 
The emission properties of the iridium complexes can be tuned by changing the 
ligands.  In Chapter 7, the synthesis of random copolymers containing host moieties and 
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various iridium complexes in the side-chains that emit in various regions of the visible 
spectrum, and their photoluminescence and solid-state electroluminescence properties are 
described.  In Chapter 8, one of the polymers discussed in Chapter 7 is used as the model 
system to study polymer structure-device performance relationships in order to develop 
general principles that can be used to optimize iridium-containing polymers for OLED 
applications.  It will be shown that the device performance is dependent on various 
parameters such as molecular weight, iridium loading, spacer type, and spacer length.  
Finally, in Chapter 9, the final chapter of the thesis, the main findings are summarized 
and ideas to further optimize the polymer structure are presented. 
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3.1  Abstract 
This chapter describes the synthesis and characterization of poly(cyclooctene)s 
with pendant Alq3 and Ybq3.  In addition to the metal complexes, the polymers are 
functionalized with carbazole units in order to increase the solubility of the polymers and 
to transfer the photoexcitation energy from carbazole units into the metal complexes.  All 
copolymers retained the optical properties associated to their corresponding metal 
complex analogues.  Furthermore, it is established that the polymer backbone does not 
interfere with the optical properties of the metal complexes.  
 
 3.2  Introduction 
A basic introduction to metalloquinolates and metalloquinolate functionalized 
polymers is given in Chapter 2.  In this chapter, covalent attachments of Alq3 and Ybq3 to 
poly(cyclooctene) backbones are reported.1  Poly(cyclooctene)s are known to have a 
random coil configuration with glass transition temperatures well below 0 oC.2  
Morphologies of polymers that are employed in OLED devices might change during the 
device fabrication due to temperature variations that rise above and fall below the Tg of 
the polymers.  As a result, it is difficult to compare the final morphology of the polymer 
in the device with the initial one and to establish morphology-device performance 
relationship.  Accordingly, it becomes clear that employment of a more flexible backbone 
with a Tg below room temperature is quite appealing since a low glass transition 
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temperature assures that there will be no change in the polymer morphology during the 
device fabrication process, which makes poly(cyclooctene)s desirable materials as metal 
complex support.  The metalloquinolate functionalized polymers described in this chapter 
also contain carbazole groups to increase the solubility of the polymers and to harvest 
more light through energy transfer from the carbazole units into the metal complex.  
Carbazole-based comonomers have been widely used in polymers for OLED applications 
for their hole-transporting properties and efficient energy transfer.3-6  
Poly(cyclooctene)s, and poly(norbornene)s are the two main types of backbones 
that are studied in this thesis.  These polymers have distinct physical properties such as 
different glass transition temperatures (Tg).  Furthermore, properties of thin films of 
solution-processed polymers are dependent on the molecular weight of these polymers,7,8  
i.e. the same type of polymer but with different molecular weights might result in 
significantly different device performance.  Therefore, control over the polymerization is 
highly desirable.  Poly(cyclooctene)s and poly(norbornene)s can be synthesized via ring-
opening metathesis polymerization (ROMP), a living polymerization method that allows 
for a high degree of control over molecular weights.9-12  Moreover, ruthenium-based 
ROMP initiators are highly functional-group tolerant, allowing for the polymerization of 
monomers containing luminescent metal complexes.3,13-16  Finally, the employment of a 
living polymerization method such as ROMP allows for the synthesis of controlled 
copolymers ranging from random copolymers to block copolymers.17,18 
The basic mechanism of ROMP is described in Figure 3.1.  Strained olefins such 
as norbornenes and cyclooctenes are outstanding monomer candidates, since the 
polymerization is enthalpically driven by the removal of ring strain.  The most common 
catalysts that are used in ROMP are either molybdenum- or ruthenium-alkylidene 
complexes.10  Especially, ruthenium-based initiators developed by Grubbs have become 
very popular due to their high tolerance to various functional groups and their ability to 
initiate the polymerization in the presence of air and water.10  Figure 3.2 shows the 
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structures of the most widely employed Grubbs’ catalysts.  All the ring-opening 
metathesis polymerizations described in this and the proceeding chapters are initiated by 
Grubbs’ third generation initiators, unless stated otherwise.  
 
 
Figure 3.1  Mechanism of ROMP. 
 
 
Figure 3.2  Grubbs’olefin metathesis initiators.  Cy = Cyclohexyl, Mes = 2,4,6-
trimethylphenyl 
 
3.3  Results and Discussion  
3.3.1  Ybq3 Functionalized Poly(cyclooctene)s 
Synthesis.  The syntheses of the cyclooctene-based quinoline monomer 3 and carbazole 
monomer 5 are shown in Scheme 3.1.  Compound 1 was reacted with 219  in the presence 
of sodium bicarbonate to yield monomer 3.  Esterification of compound 1 with 6-
bromohexanoic acid yielded compound 4.  Carbazole monomer 5 was obtained from the 




Scheme 3.1  Synthesis of cyclooctene-monomers 3 and 5. 
 
The copolymerization of 3 and 5 is shown in Scheme 3.2.  Ratios of 3 to 5 in 
copolymers 6a, 6b, and 6c are 1:5, 1:10, 1:20, respectively.  Reactions of 6a-c with Ybq3 
yielded copolymers 7a-c.  The molecular weights of the copolymers are given in Table 
3.1.  Copolymers 6a-c showed glass transition temperatures around -15 °C, a clear 
indication of a flexible polymer backbone.  Upon formation of the lanthanide complex, 
glass transition temperatures of the copolymers increased to around -5 oC.  All the 





Scheme 3.2  Copolymerization of 3 and 5 and formation of the corresponding Ybq3-
copolymers. 
 
UV/Visible Absorption.  Table 3.1 lists the absorption characteristics of 3, 5, 6a-c, and 
7a-c.  The absorption spectrum of each copolymer is a combination of both monomers 3 
and 5.  Because of the shielding effect discussed in Chapter 1, the metal center itself 
cannot be excited directly.  Instead, the quinoline ligands that are coordinated to the metal 
center were excited at 380 nm.  Complexation of compounds 6a-c with ytterbium 
produced absorption bands around 400 nm that indicate the coordination of the metal to 
the polymers through side-chain quinoline ligands.  This absorption characteristic was 
used to excite the copolymers 7a-c for the photoluminescence study. 
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Table 3.1  Characterization data for all monomers and polymers. 





3 319 n/a n/a n/a n/a 
5 346, 294 435 n/a n/a n/a 
6a 346, 331, 294 501 16.5 71 4.3 
6b 346, 331, 297 481 12.5 53.5 4.3 
6c 346, 331, 294 496 15 61.5 4.0 
7a 400, 346, 294 517, 971 11.5 49.5 4.2 
7b 402, 346, 297 516, 970 13.5 49.5 3.7 
7c 399, 346, 294 518, 975 15 53 3.6 
 
Photoluminescence.  The solution photoluminescence of the Ybq3-copolymers 7a-c were 
measured to determine the effect of the concentration of Ybq3 on the emission properties.  
While all metallated copolymers were soluble in chloroform, no emission was detected in 
pure chloroform.  However, emission was observed when a mixture of chloroform and 
DMSO was used.  As previously reported, DMSO replaces any water molecules 
coordinated to the lanthanide metal.20  The emission of lanthanide-containing compounds 
in chloroform is dramatically lower than the emission of the same compound in DMSO.  
In solutions of lanthanide complexes, relatively small energy contents of the long 
wavelength electronic gap can be readily dissipated by solvent.  If the energy of the gap 
between the lowest emitting level and the nearest non-emitting level is dissipated, 
radiationless decay occurs.  In water, the O-H stretching vibration is very efficient in 
dissipating energy.  If the O-H vibration can be replaced by a less energetic vibration, 
quenching becomes less efficient.  For example, deuterated water is a less efficient 
quencher due to the lower energy of O-D vibration.  The same holds true for the S=O 
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stretching vibrations of DMSO that are less efficient in quenching the emission than the 
O-H stretch of water.20-23 
As shown in Figure 3.3, as the chromophore density in the polymer decreases, the 
emission intensity also decreases.  However, when measuring the photoluminescence of a 
non-supported Ybq3 molecule, the emission intensity was significantly lower than the 
emission of the 1:20 Ybq3-copolymer.  This indicates that the polymer backbone reduces 
self-quenching of the Ybq3 chromophore, a reported occurrence for lanthanide-based 
materials.24   
971












Figure 3.3  Photoluminescence of Ybq3-copolymers, 7a 1:5 (), 7b 1:10 (), 7c 1:20 (). 
 
3.3.2  Alq3 Functionalized Poly(cyclooctene)s 
Synthesis.  The synthetic procedure for polymers 8a-c has been reported in section 3.3.1.  
The percentages of the 8-hydroxyquinoline-functionalized monomer in copolymers 8a, 
8b, and 8c are 20%, 10%, and 5%, respectively.  Scheme 3.3 outlines the synthesis of 
polymers 9a-c.  Functionalizations of copolymers 8a-c were accomplished by reacting 
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them with AlEt3 and 8-hydroxyquinoline, resulting in the target Alq3-functionalized 
copolymers 9a-c.   
The molecular weights of polymers 8a-c are listed in Table 3.2.  The 
polydispersity indices (PDIs) of copolymers 8a-c are dependent on the monomers and the 
catalyst ratios.  When the results of this section and section 3.3.1 are compared, PDIs are 
found to be decreasing with decreasing monomer to catalyst ratios.  GPC analyses of 
copolymers 9a-c were not possible probably due to either the reversible coordination of 
aluminum to the polymer backbone or the formation of aggregates.  Copolymers 8a-c 
have glass transition temperatures of approximately –15 oC.  No glass transition 
temperatures were observed upon the formation of the metal complex functionalized 
copolymers 9a-c.  Copolymers 9a-c decomposed around 290 oC.   
 
 
Scheme 3.3  Syntheses of Alq3 copolymers. 
 






Compound Mn (kDa) 
Mw 
(kDa) PDI 
8a 7.1 15.1 2.12 
8b 4.5 10.7 2.39 
8c 4.3 9.7 2.27 
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Photophysical Properties.  After establishing the basic polymer properties, photophysical 
characterizations of the copolymers were carried out.  The optical properties of all 
copolymers are listed in Table 3.3 and shown in Figure 3.4.  Complexation of compounds 
8a-c with aluminum to produce 9a-c resulted in absorption bands around 390 nm, 
indicating the coordination of the metal to the polymers through the quinoline ligands in 
the side-chains. 
The photoluminescence spectra of copolymers 9a-c are shown in Figure 3.4(a) 
and are almost identical to the reference compound Alq3.  The solution and solid-state 
emission maxima of all copolymers are almost identical (Table 3.3).  These results in 
combination with the above described absorption spectra suggest that the 
poly(cyclooctene) backbone does not interfere with the photophysical properties of the 
pendant metal complexes 
 
Table 3.3  Photophysical properties of the copolymers 






Φd,e τf (ns) τg (ns) 
9a 331, 345, 388 516 522 0.53 13 15 
9b 331, 345, 395 517 520 0.56 12 16 
9c 331, 345, 392 514 516 0.45 10 11 
a in chloroform solutions. b all polymers were excited at 380 nm. c solid state. d in 
degassed THF solutions. e relative to Alq3. f luminescence lifetime in THF solution. g 
luminescence lifetime in degassed THF solution.  
 
To investigate whether energy transfer occurs between the carbazole units and 
Alq3, we measured the excitation spectra of polymers 9a-c.  Figure 3.4(b) shows the 
excitation spectra of 9a-c, and the absorption spectra of 5 and 9b.  The two local maxima 
at 330 and 345 nm in the absorption spectra of 9a-c originate from the carbazole units, 
while the broad absorption maximum at 380 nm is attributable to the metal complex.  The 
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high intensities of the absorption bands of 330 and 345 nm compared to MLCT bands in 
the excitation spectra of 9a-c indicate that there is significant energy transfer from the 
carbazole units into the metal moieties.  These results prove that carbazole groups in 
copolymers 9a-c act not only as spacer and solubilizing groups but also as efficient 
photoactive units that lead to enhanced optical properties.  These results in combination 
with the known hole-transporting ability of carbazole make these copolymers promising 
candidates as materials for OLED applications.      
Finally, the emission quantum yields and lifetimes were measured (Table 3.3).  
The quantum yields and lifetimes of 9a-c are almost half of those of Alq3.  The emission 
lifetimes of 9a-c are insensitive to oxygen.  Since Alq3 is fluorescent, relaxation time 
from the excited state to the ground state is significantly shorter than the time necessary 
for energy transfer to oxygen to occur.25   
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Figure 3.4  Solid state emission spectra of the copolymers (top); solid state excitation 
spectra of 9a-c (monitored emission wavelength = 530 nm), and absorption spectra (in 
chloroform) of 9b, and 5 (bottom). 
 
3.4  Conclusion 
In this chapter, synthesis and characterization of poly(cyclooctene)s containing 
carbazole and either Alq3 or Ybq3 moieties in the side-chains are described.  Although the 
solution emission spectra of Ybq3 functionalized copolymers exhibited near IR emission 
around 970 nm, no emission was observed in solid state.  On the other hand, the emission 
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spectra of green-emitting Alq3 containing copolymers are almost identical to small 
molecule Alq3 both in solution and solid state.  Excitation spectra of Alq3 containing 
copolymers proved significant energy transfer from the carbazole units into the metal 
complex.   
 
3.5  Experimental 
All Reagents were purchased either from Acros Organics or Aldrich and used 
without further purification.  1H-NMR and 13C-NMR spectra (300 MHz 1H NMR, 75 
MHz 13C NMR) were taken using a Varian Mercury Vx 300 spectrometer.  All spectra 
are referenced to residual proton solvent.  Abbreviations used include singlet (s), doublet 
(d), triplet (t), and unresolved multiplet (m).  Mass spectral analyses were provided by the 
Georgia Tech Mass Spectrometry Facility.  Gel-permeation chromatography (GPC) 
analyses were carried out using a Waters 1525 binary pump coupled to a Waters 2414 
refractive index detector with methylene chloride as an eluant on American Polymer 
Standards 10 µm particle size, linear mixed bed packing columns.  The flow rate used for 
all the measurements was 1 mL/min.  All GPC measurements were calibrated using 
poly(styrene) standards and carried out at room temperature.  The glass-transition 
temperature of the polymers (Tg) was measured by differential-scanning calorimetry 
(DSC).  The DSC analyses were performed under an atmosphere of nitrogen using a 
Mettler Toledo DSC 822e that was calibrated using indium standards.  The temperature 
program provided two heating and cooling cycles between -50 and 100 oC at 10 oC/min, 
with the sample size ranging from 5 to 9 mg.  The onset of thermal degradation for the 
polymers (Td) was measured by thermal gravimetric analysis (TGA).  The TGA analyses 
were performed under an atmosphere of nitrogen using a Shimadzu TGA-50 and all 
samples were heated from 25 to 450 oC at a rate of 10 oC /min.  UV/vis absorption 
measurements were taken on a Shimadzu UV-2401 PC recording spectrophotometer.  
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Emission measurements were acquired using a Shimadzu RF-5301 PC 
spectrofluorophotometer.  Lifetime measurements were taken using a PTI model C-72 
fluorescence laser spectrophotometer with a PTI GL-3300 nitrogen laser. 
Synthesis of 5-(cyclooct-4-enyloxymethyl)-quinolin-8-ol (3).  5-hydroxycyclooctene 1 
was prepared according to literature procedure.26  Monomer 3 was synthesized by stirring 
chloromethylhydroxyquinoline hydrochloride 2 (1.5 g, 0.0065 mol) and 1 (6.8 g, 0.054 
mol) in the presence of excess NaHCO3 at 110 °C for 1.5 hours.  Upon cooling, a solid 
precipitated that was dissolved in CH2Cl2, and washed with water.  The solvent and the 
excess alcohol were removed by distillation.  The resulting green solid was recrystallized 
from hexanes to give a white solid (0.87 g, 46 % yield).  1H NMR (300 MHz, CDCl3) δ 
8.79 (1H, dd, J =1.65, 4.12); 8.49 (1H, dd, J =1.65, 8.52); 7.47 (1H, dd, J =4.12, 8.52); 
7.40 (1H, d, J =7.69); 7.10 (1H, d, J =7.69); 5.62 (2H, m); 4.80 (2H, dd, J =11.26, 22.25); 
3.51 (1H, m); 2.35-1.40 (10H, m).  13C NMR (75 MHz, CDCl3) δ 152.4, 147.6, 138.6, 
133.9, 130.2, 129.6, 128.7, 127.7, 125.2, 121.9, 109.2, 80.1, 68.7, 34.6, 33.6, 26.1, 25.9, 
23.1.  MS m/z Calcd. (M+): 284.2. Found (ESI): 284.2 (M+). 
Synthesis of 6-bromo-hexanoic acid cyclooct-4-enyl ester (4).  Dicyclocarbodiimide 
(7.5 g, 0.036 mol) and N, N-dimethylaminopyridine (0.4 g, 0.0033 mol) were dissolved 
in 40 mL of anhydrous CH2Cl2 and added dropwise to a solution of 1 (3.9 g, 0.031 mol) 
and 6-bromohexanoic acid (7.6 g, 0.039 mol) in 40 mL of anhydrous CH2Cl2 under 
argon.  The solution was stirred overnight at room temperature.  The white precipitate 
that formed during the reaction was filtered off, the filtrate was reduced, and the 
remaining oil was purified by column chromatography (silica gel, 4:1 hexanes/ethyl 
acetate) to yield colorless oil (7.5 g, 79% yield).  1H NMR (300 MHz, CDCl3) δ 5.61 
(2H,m); 4.80 (1H,m); 3.37 (2H, t, J =6.87); 2.36-1.40 (18H, m).  13C NMR (75 MHz, 
CDCl3) δ 172.8; 129.9; 129.7; 75.7; 34.8; 34.1; 34.0; 33.8; 32.7; 27.9; 25.9; 25.2; 24.5; 
22.7.    
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Synthesis of 6-carbazol-9-yl-hexanoic acid cyclooct-4-enyl ester (5).  Carbazole (3.7 g, 
0.022 mol) was dissolved in anhydrous THF and added dropwise to an ice-cold mixture 
of NaH (0.5 g, 0.021 mol) in THF and stirred for one hour.  Then, 4 (4.8 g, 0.016 mol), 
dissolved in 50 mL of anhydrous THF, was added dropwise to the reaction mixture.  
After the addition was complete, the mixture was refluxed overnight.  After filtration, the 
solution was diluted with ether, washed with an aqueous solution of NaHCO3, brine, and 
dried over Na2SO4.  The solvent was removed and the crude product was purified by 
column chromatography (silica gel, 9:1 hexanes/ethyl acetate) yielding a viscous, 
colorless oil (3.7 g, 60% yield).   1H NMR (300 MHz, CDCl3) δ 8.12 (2H, d, J = 7.69); 
7.48 (2H, dd, J =6.89, 15.11); 7.40 (2H, d, J =7.97); 7.26 (2H, dd, J = 6.89, 14.83); 5.65 
(2H, m); 4.81 (1H, m); 4.31 (2H, t, J =7.14); 2.32-1.44 (18H, m).  13C NMR (75 MHz, 
CDCl3) δ 172.9, 140.5, 129.9, 129.8, 125.8, 123.0, 120.6, 118.9, 108.8, 75.8, 75.7, 43.2, 
34.8, 34.1, 33.9, 29.1, 27.2, 25.9, 25.2, 22.7.  MS m/z Calcd. (M+): 390.2. Found (ESI): 
390.2 (M+).   
Copolymerization of 3 and 5 (ratios of 3/5 = 1:5, 1:10, 1:20).  Monomer 3 was 
dissolved in 1 mL of chloroform.  A chloroform solution of the ruthenium catalyst in 1 
mL of chloroform was added to the monomer solution and stirred for 30 seconds, 
followed by the addition of monomer 5 (in 5 mL chloroform).  After stirring for ten 
minutes, ethyl vinyl ether (1 mL) was added.  After stirring for an additional ten minutes, 
the solution was concentrated down to 1 mL and added dropwise to 100 mL of cold 
methanol.  The polymer, which precipitated out of solution, was collected and 
redissolved in 1 mL of chloroform and reprecipitated into cold methanol.  This 
purification procedure was repeated three times.  The final product was collected as a 
brown solid (6 a-c).  1H NMR (300 MHz, CDCl3) δ 8.77 (1H, broad); 8.44 (1H, broad); 
8.13 (40H, broad); 7.45 (82H, broad); 7.26 (40H, broad); 7.14 (1H, broad); 5.38 (42H, 
broad); 4.89 (22H, broad); 4.28 (40H, broad); 3.54 (1H,m); 2.2-1.4 (370H, m).  13C NMR 
(75 MHz, CDCl3) δ 173.3, 152.5, 147.8, 140.5, 138.8, 133.9, 130.6, 130.4, 130.0, 129.8, 
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129.6, 128.9, 128.7, 127.7, 126.2, 125.9, 125.3, 123.0, 121.9, 120.6, 119.0, 108.9, 73.8, 
68.8, 60.3, 43.1, 34.7, 34.4, 34.1, 33.5, 33.2, 33.0, 32.8, 29.1, 28.9, 27.4, 27.2, 25.7, 25.2, 
23.7. 
Formation of Ybq3-copolymers 7a-c.  Excess Ybq3 was dissolved in a minimum 
amount of methanol and added to a chloroform solution of 6 (0.1 g/10 mL).  After stirring 
overnight, the solution was concentrated down to 1 mL and added drop wise to 100 mL 
of cold methanol.  The polymer, which precipitated out of solution, was collected and 
redissolved in 1 mL of chloroform and precipitated into cold methanol.  This purification 
procedure was repeated three times.  The final product was collected as a brown solid 7 
a-c.  1H NMR (300 MHz, CDCl3) δ 8.79 (broad); 8.13 (broad); 7.37 (broad); 5.40 
(broad); 4.85 (broad); 4.30 (broad); 3.64 (broad); 2.4-1.2 (broad).  13C NMR (75 MHz, 
CDCl3) δ 173.3, 151.8, 147.6, 140.5, 138.1, 133.6,130.7,130.6, 130.5, 130.4,130.1,130.0, 
129.9, 129.7, 126.2, 125.8, 122.9, 120.6, 118.9, 108.8, 73.8, 66.4, 43.1, 37.3, 34.7, 34.3, 
34.1, 32.8, 29.0, 28.8, 27.2, 25.6, 25.2. 
Syntheses of Alq3-copolymers 9a-c.  A solution of 8-hydroxyquinoline (50 mg, 0.34 
mmol) and 8a-c (33 mg, 67 mg, and 136 mg, respectively) in dry THF was added to 
triethylaluminum (0.11 mL, 0.11 mmol) via a syringe and stirred at room temperature 
under an argon atmosphere.  During this period, the precipitation of Alq3 was observed.  
After 24 hours, the mixture was filtered to remove any insoluble Alq3.  The filtrate was 
concentrated and precipitated into a large volume of methanol.  The resulting precipitate 
was collected and dissolved in a small amount of CHCl3 and reprecipitated into methanol.  
This purification procedure was repeated several times.  The final polymers were 
collected as brown solids 9a-c.  1H NMR (CDCl3): δ = 8.80 (broad, m, H-Ar), 8.13 
(broad, m), 7.38 (broad, m), 5.40 (broad), 4.85 (broad), 4.30 (broad, m), 3.64 (broad, m), 
2.4-1.2 (broad, m).  13C NMR (CDCl3): δ = 173.5, 158.9, 144.8, 142.6, 140.5, 139.9, 
139.6, 131.5, 131.2, 129.9, 129.5, 125.8, 122.9, 121.9, 121.3, 120.6, 119.0, 112.7, 112.1, 
108.8, 68.8, 67.6, 42.9, 34.5, 34.3, 33.5, 32.7, 28.9, 28.7, 27.0, 25.5, 25.0, 23.6. 
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 CHAPTER 4 
POLY(NORBORNENE)S WITH PHOSPHORESCENT PLATINUM 
COMPLEXES 
 
4.1  Abstract 
This chapter describes the copolymerizations of a 2,7-di(carbazol-9-yl)fluorene-
based host monomer with monomers containing terminal platinum complexes.1  The 
homopolymerizations of the host monomer was found to be controlled, whereas the 
platinum complexes interfered with the polymerization, possibly due to an interaction 
between the ligands and the ruthenium of the initiator.   
 
4.2  Introduction 
In Section 2.4, advantages of 3rd row transition metal complexes in terms of 
OLED applications are discussed.  Even though iridium complexes are by far the most 
widely employed metal complexes in OLED applications, other transition metal 
complexes are also studied.2  Among these metal complexes, platinum complexes exhibit 
some unique properties.3  Unlike iridium complexes, platinum complexes are square 
planar, which allows for intermolecular stacking.4,5  Therefore, in addition to single 
molecule emission, excimer emission is also observed, which results in broad emission 
that can produce white light.6,7  Obtaining white light from a single compound is quite 
appealing, as devices with multiple emitters are expected to lose their color purity over 
time due to differential aging of the different emitters.7 
The ligands that are used for iridium complexes are also employed in platinum 
complexes (see Section 2.4 for structures).  Of these, Pt(acac)(ppf) is the most promising 
 58 
complex in terms of device properties.7,8  Near white emission has been obtained for 
devices based on this complex.7,8  Fréchet and coworkers attached this complex to a 
poly(styrene) backbone along with electron- and hole-transport compounds, and they 
fabricated devices that exhibit external quantum efficiencies as high as 4.6% with turn on 
voltages around 8V.9  Unfortunately, emission was not pure white; they obtained 
emission with CIE coordinates of x = 0.33, y = 0.50 (pure white: x = 0.33, y = 0.33).9 
In this chapter, the ring-opening metathesis polymerization of norbornenes with 
platinum complexes and a 2,7-di(carbazol-9-yl)fluorene-based host monomer are 
described.  The host material has similar emission spectra and quantum yields as 4,4′-
di(carbazol-9-yl)biphenyl (CBP).10  CBP is one of the most widely used host materials in 
OLEDs due to its high triplet energy which enables it to transfer both singlet and triplet 
excitation to a wide range of iridium complexes.11-15  DFT calculations suggest that use 
of the fluorene-diyl bridge, which can be readily functionalized with polymerizable 
groups such as norbornene, in place of the biphenyl bridge of CBP does not significantly 
affect the energy of lowest triplet state.16  Therefore, the host material is expected to be as 
efficient as CBP in terms of device performance. 
 
4.3  Results and Discussion 
Polymerizations.  Monomers 1-4 were synthesized by Jian-Yang Cho in Marder Group at 
Georgia Institute of Technology (see ref. 1 for the experimental procedures).  The 
monomers were polymerized with the use of Grubbs’ second- or third-generation 
ruthenium initiator (2 mol%) in dry CH2Cl2.  Table 4.1 summarizes molecular weights 
estimated by GPC for the homopolymer of 1 (poly1) and random copolymers of 1 with 
10 wt% of phosphor monomers: 5-7.  The synthesis of homopolymer of 2 was also 
attempted using the second-generation catalyst but the resulting material was too poorly 
soluble for characterization by GPC.  The copolymers display much broader molecular 
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weight distributions than the homopolymer of the host.  Indeed, three different carbene 
1H NMR spectroscopy signals are seen during the formation of the copolymers, whereas 




Scheme 4.1 Synthesis of the platinum containing polymers 5-7. 
 
Table 4.1  Polymer characterization data 
Polymer Mn (kDa) Mw (kDa) PDI Grubbs initi. 
Poly1 30.0 67.0 2.27 2nd 
5 9.0 26.0 2.96 3rd 
6 14.0 46.0 3.47 2nd 





Figure 4.1.  Carbene 1H-NMR signals for the third generation Grubbs’ catalyst (top), and 
during polymerizations of 1 (middle), and 5 (bottom) 
 
In order to verify the living character of the polymerizations of 1, four different 
polymerizations were carried out with monomer to catalyst ratios of 25:1, 50:1, 75:1, and 
100:1 using Grubbs’ third generation initiator.  Figure 4.2 shows the plot of the molecular 
weights of these homopolymers versus the monomer to catalyst ratios.  The linear 
relationship indicates that the polymerization is controlled.  Furthermore, 1H-NMR 
spectroscopy experiments showed the complete disappearance of the carbene signal of 
the initiator around 19.1 ppm, and the formation of a new, broad carbene signal around 
18.5 ppm, indicating complete initiation (Figure 4.1).  Both experiments strongly suggest 
that the polymerization of 1 proceeds in a living fashion. These findings suggest that 
while the polymerization of the host compound is controllable, the ruthenium species are 
not fully functional group tolerant towards the platinum complexes, perhaps due to 
transfer of the acetylacetonate ligand from platinum to ruthenium.  Hence, the polymers 
may contain some different features from those indicated by their idealized structure.  
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More generally, ROMP appears to be unsuitable for the controlled polymerization of 


















Figure 4.2  Plot of Mn vs. monomer-to-catalyst ratio for the homopolymerization of 1. 
 
4.4  Conclusion 
Polymerization studies of a 2,7-di(carbazol-9-yl)fluorene-based host monomer 
and monomers with platinum complexes revealed that the homopolymerizations of the 
host monomer is controlled as indicated by the 1H-NMR spectrum during the 
polymerization, which showed the complete disappearance of the carbene signal of the 
catalyst and the formation of a new carbene signal due to the polymerization, and by the 
molecular weight vs. monomer-to-catalyst plot, which showed that the molecular weight 
increases linearly with the increasing monomer-to-catalyst ratio.  On the other hand, the 
platinum complexes interfered with the polymerization.  1H-NMR spectra suggest that the 
acetyl acetonato groups of the complexes interact with the ruthenium center of the 
initiator.  In the following chapters describing the iridium complexes, the acetyl acetonato 
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ligand will be replaced by ligands that will bind strongly to iridium will be employed in 
order to ensure that the iridium complexes will not interfere with the polymerizations.  
 
4.5 Experimental 
All Reagents were purchased either from Acros Organics or Aldrich and used 
without further purification.  1H-NMR spectra (300 MHz) were taken using a Varian 
Mercury Vx 300 spectrometer.  All spectra are referenced to residual proton solvent.  
Gel-permeation chromatography (GPC) analyses were carried out using a Waters 1525 
binary pump coupled to a Waters 2414 refractive index detector with methylene chloride 
as an eluant on American Polymer Standards 10 µm particle size, linear mixed bed 
packing columns.  The flow rate used for all the measurements was 1 mL/min.  All GPC 
measurements were calibrated using poly(styrene) standards and carried out at room 
temperature.   
General Polymerization Procedure.  Monomers were polymerized with the use of 
Grubbs’ second or third-generation catalysts (2 mol%) in dry CH2Cl2. After the 
polymerization was complete, the reaction mixture was quenched with few drops of ethyl 
vinyl ether.   The reaction mixture was concentrated and precipitated into methanol.  The 
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Ir(ppy)3 FUNCTIONALIZED POLY(CYCLOOCTENE)S 
 
 5.1  Abstract 
This chapter describes the synthesis and characterization of poly(cyclooctene)s 
with pendant carbazole groups and facial iridium tris-2-phenylpyridine (fac-Ir(ppy)3).1  
Carbazole-based comonomers were used to increase the solubility of the polymers and to 
obtain energy transfer from carbazole units into the metal complexes.  Excitation spectra 
of all polymers proved the presence of the energy transfer.  All copolymers retained the 
optical properties associated to their corresponding metal complex analogues.  
Furthermore, it is established that the polymer backbone does not interfere with the 
optical properties of the metal complexes, making these polymers promising materials for 
OLEDs. 
 
5.2  Introduction 
The most promising iridium complexes in terms of device performances are 2-
phenylpyridine based complexes such as Ir(ppy)3 and Ir(ppy)2(acac).2-6  External quantum 
efficiencies around 20% with near 100% internal quantum efficiencies have been 
obtained for devices utilizing these complexes doped into a wide energy gap host.3  As 
discussed in Chapter 2, these complexes are attached to a variety of polymer backbones 
in the hopes of obtaining the outstanding device performances of the small molecule 
analogues.7-9  Unfortunately, performances of the devices with these polymeric materials 
are not comparable to those of small molecule analogues.  The potential advantages of 
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poly(cyclooctene)s over the polymer backbones discussed in Chapter 2 are described in 
Chapter 3.  By using the same rationale, it can be concluded that Ir(ppy)3 functionalized 
poly(cyclooctene)s might have properties that are appealing in terms of device 
performance.  In this chapter, attachment of Ir(ppy)3 to poly(cyclooctene) backbones, and 
a basic photoluminescence characterization of the polymers are reported. 
 
5.3  Results and Discussion 
Synthesis.  The synthesis of the Ir(ppy)3 containing monomer 3 is shown in Scheme 5.1.  
Coupling of 110  with 211  yielded target monomer 3.  The polymerizations using 3 were 
carried out using Grubbs’ third generation catalyst.  During the homopolymerization of 3, 
the resulting polymers precipitated out of solution.  Considering the fact that a large 
dipole moment of 6.5 D has been calculated for fac-Ir(ppy)3,12  we have recently 
proposed that aggregation may occur in homopolymers, where the fac-Ir(ppy)3 
complexes are forced to be in close proximity to each other.11  Furthermore, it is also 
well-known that high concentration of metal complexes can give rise to self quenching 
due to triplet-triplet annihilation.13  Therefore, in order to minimize self-quenching and to 
maximize solubility, compound 4 (see Section 3.3.1 for the synthesis of compound 4) is 
employed as a comonomer.  The copolymerization of 3 and 4 is also shown in Scheme 
5.1.  Again, the third generation Grubbs initiator14  was used for the polymerization.  The 
percentages of the metal complex containing monomer 3 in copolymers 5a, 5b, and 5c 
were 20%, 10%, and 5%, respectively.  The molecular weights of the copolymers are 
given in Table 1 and range from 13,000-22,000.  While no glass transition temperature 
was observed for copolymers 5a-c, they all underwent 5% weight loss at around 290 oC 




















Photophysical Properties.  After establishing the basic polymer properties, photophysical 
characterizations of the copolymers were carried out.  The optical properties of all 
copolymers are listed in Table 5.2 and shown in Figure 5.1.  For compound 3, the 
absorption spectrum showed the typical metal to ligand charge-transfer (MLCT) 
transitions of fac-Ir(ppy)3 around 380 nm.  Copolymers 5a-c retain the characteristic 
absorption bands of their corresponding monomers 3 and 4.  
 
Table 5.2  Photophysical properties of the copolymers 




Φd,e τf (ns) τg (ns) 
5a 332, 344, 378 514 515 0.95 52 1419 
5b 330, 344, 376 512 514 0.93 64 1400 
5c 330, 344, 376 513 514 0.87 55 1263 
a in chloroform solutions.  b all polymers were excited at 380 nm.  c in the solid state.  d in 
degassed THF solutions.  e relative to Ir(ppy)3.  f luminescence lifetime in THF solution.  g 




Compound Mn (kDa) 
Mw 
(kDa) PDI 
5a 3.5 13.3 3.82 
5b 4.2 21.8 5.20 
5c 3.5 15.6 4.42 
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The photoluminescence spectra of copolymers 5a-c are shown in Figure 5.1(a) 
and are almost identical to the reference compound fac-Ir(ppy)3.  The solution and the 
solid-state emission maxima of all copolymers are almost identical (Table 2).  These 
results in combination with the above described absorption spectra suggest that the 
poly(cyclooctene) backbone does not interfere with the photophysical properties of the 
pendant metal complexes.   
To investigate whether energy transfer occurs between the carbazole units and the 
metal complexes, we measured the excitation spectra of polymers 5a-c.  Figure 5.1(b) 
shows the excitation spectra of 5a-c, and the absorption spectra of 3, 4, and 5b.  As 
discussed in Section 3.3.2, the two local maxima at 330 and 345 nm in the absorption 
spectra of 5a-c originate from the carbazole units, while the broad absorption maximum 
at 380 nm is attributable to the metal complex.  Relative intensities of the carbazole bands 
and the MLCT band around 380 nm indicate the extent of the energy transfer.  The high 
intensities of the carbazole bands compared to MLCT bands in the excitation spectra of 
5a-c indicate that there is significant energy transfer from the carbazole units into the 
metal moieties.  These results prove that carbazole groups in copolymers 5a-c act as 
efficient photoactive units that lead to enhanced optical properties.  These results in 
combination with the known hole-transporting ability of carbazole make these 
copolymers promising candidates as materials for OLED applications.   
Finally, we measured the emission quantum yields and lifetimes, which are listed 
in Table 5.2.  The quantum yields and lifetimes of 5a-c are close to those of the reference 
compound fac-Ir(ppy)3.  The emission lifetimes of 5a-c are strongly affected by the 
presence of oxygen.  This can be explained by the quenching of the relatively long-lived 
3MLCT state of Ir(ppy)3 by oxygen (see Section 1.3 for the emission pathway). 
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Figure 5.1  Solid state emission spectra of the copolymers (top); solid state excitation 
spectra of 5a-c (monitored emission wavelength = 530 nm), and absorption spectra (in 
chloroform) of 5b, 4, and 3 (bottom). 
 
5.4  Conclusion 
We have synthesized via ring-opening metathesis polymerization 
poly(cyclooctene)s containing carbazole and fac-Ir(ppy)3 moieties in the side-chains.  By 
characterizing the optical properties of these materials, we were able to prove significant 
energy transfer from the carbazole units into the metal complex for each copolymer.  
Furthermore, we were able to show that the copolymers retained the optical properties of 
their corresponding metal complex analogues.  These results in combination with the 
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random coil configuration of the poly(cyclooctene) backbone, which can provide a 
morphology that can be highly beneficial during device fabrication, make our copolymers 
promising candidates as materials for OLEDs. 
 
5.5  Experimental 
 All Reagents were purchased either from Acros Organics or Aldrich and used 
without further purification.  1H-NMR and 13C-NMR spectra (300 MHz 1H NMR, 75 
MHz 13C NMR) were taken using a Varian Mercury Vx 300 spectrometer.  All spectra 
are referenced to residual proton solvent.  Abbreviations used include singlet (s), doublet 
(d), triplet (t), and unresolved multiplet (m).  Mass spectral analyses were provided by the 
Georgia Tech Mass Spectrometry Facility.  Gel-permeation chromatography (GPC) 
analyses were carried out using a Waters 1525 binary pump coupled to a Waters 2414 
refractive index detector with methylene chloride as an eluant on American Polymer 
Standards 10 µm particle size, linear mixed bed packing columns.  The flow rate used for 
all the measurements was 1 mL/min.  All GPC measurements were calibrated using 
poly(styrene) standards and carried out at room temperature.  The glass-transition 
temperature of the polymers (Tg) was measured by differential-scanning calorimetry 
(DSC).  The DSC analyses were performed under an atmosphere of nitrogen using a 
Mettler Toledo DSC 822e that was calibrated using indium standards.  The temperature 
program provided two heating and cooling cycles between -50 and 100 oC at 10 oC/min, 
with the sample size ranging from 5 to 9 mg.  The onset of thermal degradation for the 
polymers (Td) was measured by thermal  gravimetric analysis (TGA).  The TGA analyses 
were performed under an atmosphere of nitrogen using a Shimadzu TGA-50 and all 
samples were heated from 25 to 450 oC at a rate of 10 oC /min.  UV/vis absorption 
measurements were taken on a Shimadzu UV-2401 PC recording spectrophotometer.  
Emission measurements were acquired using a Shimadzu RF-5301 PC 
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spectrofluorophotometer.  Lifetime measurements were taken using a PTI model C-72 
fluorescence laser spectrophotometer with a PTI GL-3300 nitrogen laser. 
Synthesis of fac-bis(2-phenyl-pyridine)iridium (III) cyclooct-4-enyl 4-(pyridin-2-
yl)benzyl succinate, 3.  Compounds 1 (320 mg, 0.48 mmol), 2 (130 mg, 0.57 mmol), and 
dimethylaminopyridine (DMAP) (6.4 mg, 0.05 mmol) were combined in 20 mL of 
dichloromethane.  A solution of dicyclohexylcarbodiimide (DCC) (110 mg, 0.53 mmol) 
in 5 mL of dichloromethane was added and the reaction was stirred under argon at 
ambient temperatures for 24 h.  The solvent was evaporated, and the residue was purified 
via column chromatography (silica, eluent: dichloromethane) to give compound 3 as a 
bright yellow powder in 30% yield.  1H NMR (CDCl3): δ = 7.82 (d, 3H, J = 8.1 Hz), 7.63 
(m, 3H), 7.50 (m, 6H), 6.85 (m, 11H), 5.66 (m, 2H), 4.93 (s, 2H), 4.85 (m, 1H), 2.55 (t, 
4H, J = 3.9 Hz), 2.32-213 (m, 4H), 1.85-1.60 (m, 6H).  13C NMR (CDCl3): δ = 172.5, 
171.9, 166.8, 166.4, 161.8, 161.2, 160.9, 147.2, 143.9, 137.3, 136.8, 136.2, 130.0, 129.9, 
124.1, 122.3, 120.1, 119.0, 76.3, 67.2, 33.9, 33.8, 29.9, 29.6, 25.8, 25.1, 22.6.  MS Calcd 
(M): 893.3.  Found (MALDI): 893.3 (M).  EA Calcd: C, 61.87; H, 4.74; N, 4.71. Found: 
C, 61.36; H, 4.56; N, 5.08 
Synthesis of Ir(ppy)3-copolymers 5a-c.  Monomers 3 and 4 were dissolved in 
chloroform (ratios of 3:4 = 1:4, 1:9, or 1:19).   Then, a chloroform solution of Grubbs’ 
third generation ruthenium initiator was added to the monomer solution (monomer: 
initiator ratio = 25:1) and the reaction mixture was stirred for 20 minutes.  After the 
polymerization was complete, ethyl vinyl ether was added to terminate the 
polymerization.  After stirring for an additional 10 minutes, the solution was concentrated 
and the residue was precipitated into methanol.  The resulting precipitate was collected 
and dissolved in a small amount of CHCl3 and reprecipitated into methanol.  This 
purification procedure was repeated several times.  The final polymers were collected as 
brown solids 5a-c.  1H NMR (CDCl3, 300 MHz): δ = 8.08 (broad, m), 7.83 (broad), 7.62 
(broad), 7.41 (broad, m), 7.22 (broad, m), 6.84 (broad), 5.34 (broad), 4.87 (broad), 4.27 
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(broad), 2.56 (broad), 2.23 (broad), 2.07-1.79 (broad), 1.73-1.23 (broad, m).  13C NMR 
(75 MHz, CDCl3): δ = 173.5, 172.5, 172.3, 166.9, 166.5, 161.9, 161.3, 161.2, 147.3, 
143.9, 140.7, 137.4, 136.9, 136.3, 130.7, 130.6, 130.1, 129.9, 129.6, 129.4, 128.8, 126.3, 
125.9, 124.3, 123.1, 122.2, 120.7, 120.2, 119.4, 119.1, 108.9, 74.3, 73.8, 67.2, 43.1, 34.7, 
34.4, 34.0, 33.6, 32.8, 29.8, 29.7, 29.0, 28.8, 27.3, 27.1, 25.6, 25.3, 25.1, 23.6.  
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FUNCTIONALIZATION OF POLYMERS WITH 
PHOSPHORESCENT IRIDIUM COMPLEXES VIA 1,3 DIPOLAR 
CYCLOADDITIONS 
 
6.1  Abstract 
In this Chapter, a simple yet highly efficient route to prepare polymers with a 
variety of pendant iridium complexes as potential materials in organic light-emitting 
diodes by employing click chemistry is reported.1  A quantitative conversion is observed 
for the post-polymerization functionalization of the azide containing polymers with the 
alkyne functionalized iridium complexes. Photophysical characterization of the polymers 
revealed that the polymers retain the photoluminescence properties of the small molecule 
analogues.  In contrast, electroluminescence studies indicate that the triazole ring on the 
spacer adversely affects the device performance.  
 
6.2  Introduction 
In Chapter 2, polymers with emissive metal complexes are reviewed.  In these 
reports, the functionalized polymers were synthesized either by the polymerization of 
monomers containing the desired metal complex as a side-chain or by the modification of 
polymers with the metal complex in a post polymerization reaction.  While the former 
strategy can have a highly controlled and quantitative metal complex functionalization, 
the latter approach is modular, with the potential to attach a library of metal complexes 
onto the polymer backbone.  However, a high yielding orthogonal covalent 
functionalization is crucial for the success of the modular post polymerization approach.  
 77 
In this chapter such a strategy is presented by taking advantage of the 1,3-dipolar 
cycloaddition reactions, often referred to as “click chemistry”.2-5  This transformation is 
widely used due to its high tolerance to functional groups, high reaction yields, and mild 
reaction conditions.6,7  
The polymers described in this chapter are based on two different comonomers, 
styrene and N-vinyl carbazole.  Styrene was functionalized with azide units for easy, high 
yielding click reactions with alkyne-containing iridium complexes.  As discussed in the 
previous chapters, the role of the second comonomer, N-vinyl carbazole is manifold.  
Firstly, poly (N-vinyl carbazole) has been employed extensively as a host material in 
OLEDs due to its hole-transport properties and its high-energy singlet excited state.8-10  
Moreover, it prevents self quenching and aggregation of metal centers by decreasing the 
concentration of the iridium complexes along the polymer backbone.  Three different 
iridium complexes with different emission colors are employed to demonstrate the 
versatility of the approach.   
 
6.3  Results and Discussion 
Synthesis.  The synthetic route toward the fully functionalized copolymers is outlined in 
Scheme 6.1.  All compounds described in this chapter were synthesized by Dr. Xian-
Yong Wang, a postdoctoral fellow in the Weck group (see ref. 1 for the experimental 
procedures).  For ease of characterization, relatively low molecular weight polymers were 
prepared.  N-vinylcarbazole or styrene were copolymerized with p-(chloromethyl)styrene 
(in ratios of 9:1) using AIBN as the initiator.  The chloromethylated copolymers were 
then converted to the corresponding azides 1 and 2 in 90-95% yields.  NMR spectroscopy 
showed that all chlorine units were transformed into the azide groups.  Copolymers 1 and 
2 were then reacted with complexes 3-5 via click chemistry to yield the desired fully 
functionalized copolymers 6-11 in 71-93% yields.  NMR spectra of copolymers 6-11 
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showed complete conversion of the azide groups to the 1,4-disubstituted 1,2,3-triazoles.  
Copolymers 6-11 are soluble in common organic solvents such as chloroform and THF.   
 
 
Scheme 6.1  Functionalization of the polymers via click chemistry 
 
Photophysical Properties.  Table 6.1 lists the photophysical properties of all copolymers 
and the corresponding small molecule iridium complex precursors.  Figure 6.1(a) and 
6.1(b) shows the photoluminescence spectra of the alkyne-functionalized complexes 3-5 
and copolymers 6-11 in chloroform solutions and solid state, respectively.  UV-vis 
absorption spectra of 6-11 reveals the characteristic π-π* transitions originating from the 
ligands of the iridium complexes and the carbazole moiety in the high energy region, 
whereas in the lower energy region, starting around 380 nm and extending to around 500 
nm, weak and broad metal-to-ligand charge-transfer (MLCT) transitions of the iridium 
complexes are observed.  Emission maxima of the copolymers are similar to those of the 
corresponding small molecule iridium complexes.  Compared to the solution emission, 
the solid state emissions are slightly red shifted for all copolymers (Figure 6.1).  These 
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results indicate that the polymer backbones do not affect the absorption or emission 
maxima of the tethered metal complexes.  On the other hand, slightly different emission 
quantum yields are obtained for different polymers in comparision to their small 
molecule analogues (Table 6.1).  The emission lifetimes of all compounds are strongly 
affected by the presence of oxygen, which is due to the quenching of the relatively long-
lived 3MLCT state by oxygen, causing a decrease in the emission lifetimes.  On the other 
hand, copolymers with and without carbazole groups have similar lifetimes, indicating 
that there is no emission quenching related to carbazole units. 
 













3 282, 383 515 517 0.40 34 1484 
9 282, 384 515 522 0.29 45 1000 
6 282, 295, 344, 384 515 517 0.40 51 1297 
4 290, 310, 324, 395 554 557 0.36 109 1612 
10 290, 310, 325, 395 555 556 0.22 95 1393 
7 296, 330, 344, 395 554 555 0.19 87 1485 
5 273, 293, 329, 410 597 606 0.11 98 1735 
11 273, 293, 329, 411 606 612 0.07 88 862 
8 282, 295, 332, 
345, 407 
606 609 0.05 81 740 
a in THF solution.  b all the compounds were excited at 400 nm.  c in the solid-state.                 
d photoluminescence quantum yield in THF.  e emission lifetime in THF.  f emission 
lifetime in degassed THF. 
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Figure 6.1.  Solution emission (top) and solid state emission (bottom) spectra of 3-5 and 
6-11.  From top to bottom: green curves: 6, 9, 3; yellow curves: 7, 10, 4; orange curves: 
8, 11, 5. 
 
Electroluminescence.  Electroluminescence studies were conducted by Andreas Haldi in 
the Kippelen group at Georgia Institute of Technology.  In order to determine the effect 
of the triazole ring on the device performance, two OLEDs based on either polymer 6 or 






















an analogue of polymer 6 without the triazole ring, polymer 1211, were fabricated.  Figure 
6.2 shows the structures of polymer 12 and the hole-transport polymer 13 (provided by 
the Marder Group), which contains crosslinking cinnamate groups that undergo [2+2] 
cycloaddition upon exposure to UV light.12,13  Device with polymer 6 as the emissive 
layer gives an external quantum efficiency of 0.2 % at 100 cd/m2.  When PBD is mixed 
with the polymer as the electron-transport compound, a slight increase in the efficiency is 
observed.  On the other hand, device with polymer 12 gives EQE of 1.0 % at 100 cd/m2. 
The efficieny of the device increases significantly upon blending with PBD (Figure 6.3).  
These results indicate that although click chemistry is a powerful synthetic tool, the 
resulting triazole ring adversely affects the device performance, however, the reason for 
this behavior is not clear, and needs to be further investigated. 
 
 






Figure 6.3  Current density, luminance and external quantum efficiency as a function of 
applied voltage for device with structure ITO/13 (35 nm)/(6 or 12) (35 nm)/BCP (40 
nm)/LiF/Al.  
 
6.4  Conclusion 
Using high yielding and fully orthogonal 1, 3 dipolar cycloadditions, we have 
synthesized copolymers with pendant iridium complexes.  This functionalization strategy 
is modular, i. e. any alkyne containing the iridium complex can be used.  The copolymers 
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retained the photoluminescence properties associated with their small molecule analogues 
both in solution and the solid state.  The method described herein offers a straightforward 
synthesis of functionalized polymeric materials with potential applications in OLEDs.  
On the other hand, effect of the triazole ring on the electroluminescence behavior needs 
to be further investigated. 
 
6.5 Experimental 
All Reagents were purchased either from Acros Organics or Aldrich and used 
without further purification.  UV/vis absorption measurements were taken on a Shimadzu 
UV-2401 PC recording spectrophotometer.  Emission measurements were acquired using 
a Shimadzu RF-5301 PC spectrofluorophotometer.  Lifetime measurements were taken 
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POLY(NORBORNENE)S WITH PHOSPHORESCENT IRIDIUM 
COMPLEXES 
 
7.1  Abstract 
Solution-processable copolymers with pendant phosphorescent iridium complexes 
and 2,7-di(carbazol-9-yl)fluorene type host moieties were synthesized using ruthenium-
catalyzed ring-opening metathesis polymerization.1  Low polydispersity indices, ranging 
between 1.2–1.3, and molecular weights around 20,000 Daltons were obtained for all 
copolymers.  As a result of the living character of the polymerization of the monomer 
containing the host moiety, a high degree of control over the molecular weights of all 
copolymers can be obtained.  The photo and electroluminescence properties of all 
copolymers were investigated.  All copolymers retained the photo- and electrophysical 
properties of the corresponding non-polymeric iridium complexes.  Furthermore, as a 
proof of principle for the potential use of these materials, organic light-emitting devices 
were fabricated using the orange-emitting copolymer.  A maximum external quantum 
efficiency of 1.9% at 100 cd/m2 and a turn on voltage of 3.7 V were obtained with 
photoluminescence quantum yield of 0.10 demonstrating the potential of these 
copolymers as emissive materials for display and lighting applications.   
 
7.2 Introduction 
In Chapters 5 and 6, poly(cyclooctene)s and poly(styrene)s with iridium 
complexes are described.  In this chapter, another type of polymer backbone, 
poly(norbornene), is investigated.  Unlike poly(cyclooctene)s of Chapter 5, 
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poly(norbornene)s can be synthesized in a living fashion via ROMP.2  High control over 
polymerization is desirable in order to have reproducible polymer properties.  
Furthermore, low PDIs obtained for poly(norbornene)s minimize potentially adverse 
effects of chain length differences on device performance.  Moreover, by simply 
changing the monomer to catalyst ratio, it is possible to change molecular weights of the 
polymers, which allows for determination of the molecular weight effect on the device 
performance.  Finally, poly(norbornene)-based backbones are expected to have little or 
no adverse effects on the charge-carrier mobilities in devices.  Indeed, higher hole 
mobilities have been measured for bis(diarylamino)fluorene-functionalized 
poly(norbornene)s in comparison to analogous materials based on the more polar 
poly(acrylate) backbone.3   
In this Chapter, the synthesis of random copolymers containing 2,7-di(carbazol-9-
yl)fluorene-type host moieties and various iridium complexes in the side-chains that emit 
in various regions of the visible spectrum and their solution and solid-state 
photoluminescence properties and their solid-state electroluminescence properties are 
described.   
 
7.3  Results and Discussion 
Synthesis.  The coupling of 2-phenyl-pyridine (ppy) to exo-norbornene carboxylic acid is 
the key step for the synthesis of the iridium complex-based monomers 10 – 12 (Scheme 
1).  The emission color of the iridium complexes, and, therefore, the monomers and 
polymers, can be tuned through variation of the ligand.  In our case, we utilized either 2-
phenyl-pyridine, 2-phenylquinoline (pq), or 2-benzo[b]thiophen-2-yl-pyridine (btpy) as 
ligands.  This synthetic strategy could not be applied to the synthesis of a blue/green-
emitting monomer based on the 2-(2,4-difluoro-phenyl)pyridinato (ppf) ligand since we 
anticipated that the emission would be red-shifted by the presence of  the functionalized 
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ppy ligand relative to that expected for a Ir(ppf)3-type complex.4  Therefore, monomer 3 
consisting of three ppf-type ligands was synthesized according to the route shown in 
Scheme 1.  
 
Scheme 7.1  Syntheses of iridium-complex containing monomers 3 and 10 – 12. 
 
 Compounds 4,4  7,5  and 10,5  were prepared according to literature procedures.  
Compounds 5 and 8 were prepared by Dr. Xian-Yong Wang and monomer 13 was 
synthesized by scientists from the Marder Group (see Chapter 4).  Compound 1 was 
obtained by taking advantage of the most acidic hydrogen in the benzene ring of ppf 
through the reaction of ppf with BuLi, followed by treatment with CO2 (Scheme 1).6-8  
Coupling of 1 to 5-norbornene-2-methanol yielded 2, which was metalated to yield the 
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Ir(ppf)3-based monomer 3.  Complex 6 was synthesized by the reaction of the iridium 
dimer (Ir(btpy)2Cl)2 with 4-(2-pyridine)benzaldehyde.  The aldehyde group in 6 was 
reduced to an alcohol using LiAlH4 to give 9, which was esterified with exo-5-
norbornene-2-carboxylic acid to yield monomer 12.  Monomer 11 was prepared in the 
same manner starting with compound 8.  
A living polymerization is key to the successful reproducibility of all desired 
copolymers.  As discussed in Chapter 4, the polymerization of 13 proceeds in a living 
fashion.  Attempts to investigate the living character of the homopolymerization of 3, and 
10-12 were not possible because the addition of the ruthenium initiator to the monomer 
solutions resulted in precipitation of insoluble materials (see Chapter 5 for a detailed 
discussion on this phenomenon).  Therefore, in our materials, comonomer 13 also serves 
as a spacer and solubilizing unit between the metal complexes in addition to its role in 
accepting electrons and holes. 
 
Scheme 7.2  Synthesis of copolymers 14 – 17. 
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Copolymerizations of 3, 10, 11, or 12 with 13 were carried out in chloroform at 
room temperature using Grubbs’ third generation initiator (Scheme 7.2).  All 
copolymerizations were complete within 10 minutes.  In all copolymers, a 9:1 ratio of 13 
to the iridium complex containing monomer was employed and the target degree of 
polymerization was 50, i.e. monomer to catalyst ratios of 50:1 were employed.  As 
mentioned, attempts to homopolymerize 3, and 10 – 12 resulted in precipitation of 
insoluble materials.  The high solubilities of copolymers 14 – 17 in common organic 
solvents suggest a random distribution of the two monomers along the backbone.  Table 
7.1 lists the polymer properties of copolymers 14 – 17.  All copolymers have molecular 
weights around 20 kD and polydispersities between 1.22 and 1.31.  The low PDIs of the 
copolymers indicate some degree of control of the polymerizations and ensure that the 
approximate lengths of the polymer chains are reproducible, minimizing potentially 
adverse effects of chain length differences on device performance.  We observed no 
glass-transition temperatures for any of the copolymers.  All copolymers underwent 5% 
weight loss at temperatures slightly higher than 300 0C as measured by thermal 
gravimetric analysis. 
 














PDI Tda  
(oC) 
14 23.5 18.5 1.24 318 
15 25.5 19.5 1.31 324 
16 24.5 19.0 1.29 302 
17 23.0 19.0 1.22 303 
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Photophysical Properties.  The photophysical and electroluminescence properties of the 
small molecule analogues of the iridium complexes used in this study have been well-
characterized in the literature, and devices based on these complexes exhibit promising 
performances.9-14  Therefore, we compared the basic photophysical properties of our 
copolymers to their small molecule analogues to evaluate their potential as materials for 
OLEDs.  Table 7.2 lists the photophysical properties of copolymers 14 – 17.  In solution, 
the high-energy regions of the absorption spectra of the copolymers are dominated by 
monomer 13 since its concentration is nine times higher than those of the iridium 
complex-containing monomers.  Thus, the ligand-centered (LC) π-π* transitions typically 
observed for iridium complexes in the region of 250-350 nm are obscured by transitions 
attributable to 13 at around 295 nm and 340 nm.  In the lower energy region, starting 
around 380 nm, broad features assignable to metal-to-ligand charge transfer (MLCT) 
transitions of the iridium complexes are observed. 
 













14 296, 343, 379 468 474 0.41 0.0637 1.30 511 
15 295, 343, 382 512 517 0.33 0.0848 1.43 521 
16 295, 342, 408 591 595 0.10 0.1936 1.34 603 
17 297, 339, 408 600 600 0.07 0.1664 3.71 602 
aIn chloroform solutions.  bPeak emission in solid state.  cIn degassed solutions using fac-
Ir(ppy)3 (Φ = 0.40, in toluene).  dLuminescence lifetimes in THF solution.  
eLuminescence lifetimes in degassed THF solution.  fAll polymers were excited at 400 




The solid-state emissions of the copolymers are slightly red shifted compared to 
the solution emissions with the exception of 17.  Figure 7.1 shows the solid-state 
emission spectra of the copolymers. The tunability of the emission of cyclometallated 
iridium species is well established; relative to Ir(ppy)3, a blue-shifted emission can be 
obtained by employing electron-withdrawing groups such as fluorine, while the emission 
of the complexes with extended conjugation is red-shifted.9-14  The shapes of the peaks 
and the emission maxima of our copolymers are identical to the corresponding small-
molecule iridium complexes, indicating that polymer backbones do not interfere with the 
emission.   
 
 
Figure 7.1  Solid-state photoluminescence spectra of copolymers 14 (blue), 15 (green), 
16 (orange), and 17 (red). 
 
 
The solution phosphorescence quantum efficiencies of 14 – 17 were measured 
using fac-Ir(ppy)3 as reference (Φ = 0.40, in toluene) and range from 0.07 to 0.41.  The 
emission lifetimes are strongly affected by the presence of oxygen due to the quenching 
of the 3MLCT state by oxygen.15  In degassed solutions, the lifetimes are in the 
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microsecond region.  The measured values of the emission efficiencies and the lifetimes 
are comparable to those of the corresponding small-molecule complexes. 
 
 
Figure 7.2  Structure of the crosslinkable hole-transport polymer (x:y = 4:1, synthesized 
by scientists in the Marder Group). 
 
Electroluminescence.   Electroluminescence studies were conducted by Andreas Haldi, 
and Benoit Domercq in the Kippelen group at Georgia Institute of Technology (see ref. 1 
for the experimental details).  Figure 7.3 shows the electroluminescence spectra of 
devices in which the copolymers 14 – 17 are used as emitting layers between the cross-
linked TPD-based copolymer (Figure 7.2) as a hole-transport material and vacuum-
deposited BCP and AlQ3 as hole-blocking and electron-transport materials, respectively.  
The similar photoluminescence and electroluminescence spectra of the copolymers 
suggest that the emission stems from the iridium complex.  However, the 
electroluminescence (EL) spectrum of the device fabricated using copolymer 14 is red-
shifted compared to the photoluminescence spectrum.  Figure 7.4 shows the electrical 
characteristics of devices fabricated using copolymer 16 and 17 as emitting layers.  The 
turn-on voltage for the current density is low (ca. 2.4 V) for both devices, and the turn-on 
voltage for the light for both devices is 3.7 V.  External quantum efficiencies at 100 
 94 
cd/m2 are 1.9 and 0.9 % for devices with 16 and 17, respectively.  Considering that 
copolymers 16 and 17 have low photoluminescence quantum efficiencies (10 and 7%, 
respectively), these results are encouraging.  Devices fabricated from copolymers 14 and 
15 yielded low light output, indicating inefficient triplet energy transfer from the host 
material in the copolymer to the metal complex even though previous studies on small 
molecule devices fabricated from the vapor phase on mixtures of 4,4′-di(carbazol-9-
yl)biphenyl (CBP) and Ir(ppy)3 have shown efficient energy transfer between CBP to the 
phosphor.16,17  The origin of the lower performance in our red-emitting co-polymer 
materials compared to their small molecule counterparts is not well understood at this 
stage and will be further investigated.  
 
Figure 7.3  Electroluminescence spectra for devices with structure ITO/HT polymer (Fig. 




Figure 7.4  Current density, luminance and external quantum efficiency as a function of 
applied voltage for device with structure ITO/ HT polymer (Fig. 7.2)/(16 or 





7.4  Conclusion 
We have synthesized a series of norbornene-based copolymers via ROMP that 
combine emissive iridium complexes with a host material.  This design allows for 
solution processibility and prevents phase separation.  Controllable polymerizations and 
the low PDIs assured that molecular weight differences of the polymer chains are 
minimized to prevent any possible adverse effect of chain length difference on the device 
performance.  By comparing the iridium containing copolymers to their small molecule 
analogues, we established that the polymer backbones do not interfere with the basic 
photophysical properties of the iridium complexes.  Furthermore, we employed these 
copolymers as the emissive layer in OLED devices.  Devices based on the orange-
emitting copolymer gave encouraging results despite the low phosphorescence quantum 
yields of the copolymer.  These results demonstrate that our methodology allows for the 
solution-based fabrication of OLED devices from functionalized poly(norbornene)s.   
 
7.5  Experimental 
All reagents were purchased either from Acros Organics or Aldrich and used 
without further purification.  1H-NMR and 13C-NMR spectra (300 MHz 1H NMR, 75 
MHz 13C NMR) were obtained using a Varian Mercury Vx 300 spectrometer.  All spectra 
are referenced to residual proton solvent.  Abbreviations used include singlet (s), doublet 
(d), doublet of doublets (dd), triplet (t), triplet of doublets (td) and unresolved multiplet 
(m).  Mass spectral analyses were provided by the Georgia Tech Mass Spectrometry 
Facility.  Gel-permeation chromatography (GPC) analyses were carried out using a 
Waters 1525 binary pump coupled to a Waters 2414 refractive index detector with 
methylene chloride as the eluant on American Polymer Standards 10 µm particle size, 
linear mixed bed packing columns.  The flow rate used for all the measurements was 1 
mL/min.  All GPC measurements were calibrated using poly(styrene) standards and 
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carried out at room temperature.  The onset of thermal degradation for the polymers was 
measured by thermal gravimetric analysis (TGA) using a Shimadzu TGA-50.  UV/vis 
absorption measurements were taken on a Shimadzu UV-2401 PC recording 
spectrophotometer.  Emission measurements were acquired using a Shimadzu RF-5301 
PC spectrofluorophotometer.  Elemental analyses for C, H, and N were performed using 
Perkin Elmer Series II CHNS/O Analyzer 2400.  Elemental analyses for iridium were 
provided by Galbraith Laboratories. 
Synthesis of 2,6-difluoro-3-pyridin-2-yl-benzoic acid (1).  Under an argon atmosphere, 
10.5 mL of a nBuLi solution (1.6 M in hexanes, 16.8 mmol) was added dropwise at -78 
oC to a THF (55 mL) solution of 2-(2,4-diflouro-phenyl)pyridine (3.2 g, 16.8 mmol).  The 
mixture was stirred for 20 minutes, followed by the addition of freshly crushed dry ice.  
After stirring for an additional 5 minutes, 10 mL of an aq. HCl solution (1M) was added, 
followed by the addition of diethyl ether (30 mL).  The organic layer was collected and 
the aqueous layer was washed three times with diethyl ether (30 mL).  The combined 
organic layers were concentrated in vacuo, and the target compound was obtained by 
precipitation into hexanes (2.7 g, 68% yield).  1H NMR (DMSO): δ = 8.72 (d, 1H, J = 3.3 
Hz), 8.04 (d, 1H, J = 6.9 Hz), 7.91 (m, 1H), 7.76 (m, 1H), 7.41 (m, 1H), 7.33 (t, 1H, J = 
8.7 Hz).  13C NMR (DMSO): δ = 162.8, 161.5, 158.9, 158.0, 155.6, 151.8, 150.6, 137.8, 
134.1, 124.9, 124.8, 123.9, 113.6, 113.4, 113.1.  MS Calcd (M+1): 236.0.  Found (ESI): 
236.0 (M+1). 
Synthesis of 2,6-difluoro-3-pyridin-2-yl-benzoic acid bicyclo[2.2.1]hept-5-en-2-
ylmethyl ester (2).  Compound 1 (2.7 g, 11.5 mmol), exo-5-norbornene-2-methanol (1.4 
g, 11.5 mmol), and dimethylaminopyridine (0.3 g, 2.45 mmol) were combined in 100 mL 
of THF.  A solution of dicyclohexylcarbodiimide (2.7g, 13.1 mmol) in 10 mL of THF 
was added, and the reaction was stirred under argon at ambient temperatures for 24 h.  
The solvent was evaporated and the residue was purified via column chromatography 
(silica, 4:1 hexanes:ethyl acetate) to give compound 2 as a clear oil (2.6 g, 66% yield).  
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1H NMR (CDCl3): δ = 8.71 (d, 1H, J = 4.8 Hz), 8.10 (m, 1H), 7.76 (t, 1H, J = 1.5 Hz), 
7.74 (m, 1H) 7.26 (m, 1H), 7.07 (td, 1H, J = 8.7 Hz, 1.5 Hz), 6.09 (m, 2H), 4.45 (dd, 1H, 
J = 6.6 Hz, 10.8 Hz), 4.28 (dd, 1H, J = 9.3 Hz, 10.8 Hz), 2.85 (s, 1H), 2.80 (s, 1H), 1.86 
(m, 1H), 1.37 (s, 2H), 1.30 (d, 1H, J = 8.4 Hz), 1.24 (m, 1H).  13C NMR (CDCl3): δ = 
162.5, 162.4, 159.9, 159.1,158.9, 156.5, 151.9, 150.1,137.2, 136.8, 136.4, 134.2, 134.1, 
134.0, 124.6, 124.5, 123.0, 112.8, 112.7, 112.5, 112.4, 70.4, 45.2, 43.9, 41.9, 38.1, 29.8.  
MS Calcd (M): 341.2.  Found (EI): 341.2 (M). 
Synthesis of fac-exo-bis(2-(4′ ,6′-difluorophenyl)-pyridinato, N, C2′)(2-(5′- 
bicyclo[2.2.1]hept-5-ene-2-yl ethanoyl-4′,6′-difluorophenyl)pyridinato, N, C2′) 
iridium(III) (3).  Compound 2 (75 mg, 0.22 mmol), (Ir(ppf)2Cl)2 (90 mg, 0.074 mmol),14 
and AgCF3SO3 (38 mg, 0.148 mmol) were combined in 3 mL of ethoxyethanol.  The 
mixture was purged with argon for 30 minutes followed by stirring at 150 oC for 24 h 
under an argon atmosphere.  The mixture was cooled to room temperature and water (10 
mL) was added to precipitate the product.  After filtration, the collected solid was 
purified via column chromatography (silica, CH2Cl2) to yield compound 3 (36 mg, 27% 
yield).  1H NMR (CDCl3): δ = 8.33 (m, 3H), 7.72 (m, 3H), 7.45 (m, 3H), 6.96 (m, 3H), 
6.41 (m, 3H), 6.25 (m, 2H), 6.09 (m, 2H), 4.39 (dd, 1H, J = 6.6 Hz, 10.8 Hz), 4.19 (dd, 
1H, J = 9.3 Hz, 10.8 Hz), 2.84 (s, br, 2H), 1.85 (m, 1H), 1.37 (s, 2H), 1.28 (m, 2H).  13C 
NMR (CDCl3): δ = 163.7, 163.2, 160.1, 147.3, 147.1, 137.7, 132.6, 123.8, 123.5, 122.9, 
122.5, 119.1, 118.2, 97.6, 68.9, 49.6, 44.2, 42.5, 37.9, 29.9, 29.2.  MS Calcd (M): 912.9.  
Found (EI): 912.9 (M).  Anal. Calcd. (C42H28F6IrN3O2): C, 55.26; H, 3.09; N, 4.60.  
Found: C, 55.11; H, 3.22; N, 4.66. 
Synthesis of fac-bis(2-(benzo[b]thiophen-2-yl)-pyridinato, N, C3′)(2-(4′-
formylphenyl)pyridinato, N, C2′) iridium(III) (6).  (Ir(btpy)2Cl)29  (1.0 g, 0.77 mmol), 
4-(2-pyridyl)benzaldehyde (0.42 g, 2.3 mmol) and AgCF3SO3 (0.40 g, 1.5 mmol) were 
combined in 11 mL of ethoxyethanol.  The reaction mixture was purged with argon for 
30 minutes and then stirred at 150 oC for 24 h under an argon atmosphere.  The solution 
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was cooled to room temperature and water (20 mL) was added to precipitate the product.  
After filtration, the collected solid was purified via column chromatography (silica, 
CH2Cl2) to yield compound 6 (0.18 g, 15% yield).  1H NMR (CDCl3): δ = 9.62 (s, 1H), 
7.78 (m, 4H), 7.51(m, 7H), 7.39 (d, 1H, J = 5.7 Hz), 7.33 (d, 1H, J = 1.8 Hz), 7.24 (d, 
1H, J = 5.4 Hz) 7.09 (m, 2H), 6.93 (td, 1H, J = 5.9 Hz, 1.5 Hz), 6.78 (t, 1H, J = 7.6 Hz), 
6.68 (m, 5H).  13C NMR (CDCl3): δ = 194.7, 165.6, 163.2, 162.6, 160.8, 156.6, 155.9, 
150.7, 148.9, 148.1, 147.6, 146.9, 143.7, 143.3, 142.6, 137.6, 137.1, 136.2, 134.6, 134.4, 
128.7, 125.2, 124.3, 123.8, 123.7, 122.5, 122.3, 119.9, 119.7, 118.9, 118.8.  MS Calcd 
(M+1): 796.1.  Found (ESI): 796.1 (M+1). 
Synthesis of fac-bis(2-(benzo[b]thiophen-2-yl)-pyridinato, N, C3′)(2-(4′-
hydroxymethylphenyl) pyridinato, N, C2′) iridium(III) (9).  Compound 6 (50 mg, 
0.062 mmol) was dissolved in 5 mL of THF and 0.08 mL of lithium aluminum hydride 
(1M in diethyl ether) was added dropwise.  The reaction mixture was stirred at ambient 
temperatures for 45 minutes and then quenched by the addition of excess water.  The 
crude product, which showed no remaining aldehyde signals by 1H NMR spectroscopy, 
was dissolved in dichloromethane, washed three times with water, dried with MgSO4 and 
used without further purification. 
Synthesis of fac-exo-bis(2-phenyl-quinolinato, N, C2′)(2-(4′-methyl 
bicyclo[2.2.1]hept-5-ene-2-carboxyl phenyl)pyridinato, N, C2′) iridium(III) (11).  
Compound 8 (1.220 g, 1.55 mmol), exo-5-norbornene-2-carboxylic acid (0.245 g, 1.77 
mmol), and dimethylaminopyridine (0.100 g, 0.82 mmol) were combined in 60 mL of 
CH2Cl2.  A solution of dicyclohexylcarbodiimide (0.370 g, 1.79 mmol) in 10 mL of 
CH2Cl2 was added and the reaction was stirred under argon at ambient temperatures for 
24 h.  The solvent was evaporated and the residue was purified via column 
chromatography (silica, CH2Cl2) to give compound 11 as an orange powder (1.07 g, 76% 
yield).  1H NMR (CDCl3): δ = 8.09 (m, 5H), 7.91 (d, 1H, J = 8.4 Hz), 7.86 (d, 1H, J = 6.9 
Hz), 7.70 (m, 2H), 7.62 (d, 2H, J = 9.0 Hz), 7.57 (d, 1H, J = 9.0 Hz), 7.46 (td, 1H, J = 9.0 
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Hz, 3.0 Hz), 7.40 (d, 1H, J = 9.0 Hz), 7.22 (t, 1H, J = 7.8 Hz), 7.16 (t, 1H, J = 7.8 Hz), 
6.95 (m, 3H), 6.71 (m, 7H), 6.50 (d, 1H, J = 1.2 Hz), 6.14 (m, 2H), 4.82 (m, 2H), 2.97 (s, 
br, 1H), 2.91(s, br, 1H), 2.20 (dd, 1H, J = 7.2, 4.2), 1.88 (m, 1H), 1.44 (m, 1H), 1.33 (m, 
2H).  13C NMR (CDCl3): δ = 176.2, 167.5, 167.4, 165.8, 163.2, 160.6, 158.4, 149.2, 
148.8, 148.2, 146.4, 144.9, 143.7, 138.3, 137.6, 137.2, 137.1, 136.3, 136.1, 135.9, 133.3, 
133.2, 130.4, 129.8, 129.7, 129.2, 128.4, 127.9, 127.8, 127.7, 127.1, 126.4, 126.3, 125.9, 
125.3, 123.6, 122.3, 120.6, 120.2, 119.8, 119.2, 118.4, 118.1, 66.9, 46.8, 43.5, 41.9, 30.6, 
30.5.  MS Calcd (M): 905.3. Found (EI): 905.3 (M).  Anal. Calcd. (C50H38IrN3O2): C, 
66.35; H, 4.23; N, 4.64. Found: C, 66.21; H, 4.38; N, 4.67. 
Synthesis of fac-bis(2-benzo[b]thiophen-2-yl-pyridinato, N, C3′)(2-(4′-methyl 
bicyclo[2.2.1]hept-5-ene-2-carboxyl phenyl)pyridinato, N, C2′) iridium(III) (12).  
Compound 9 (143 mg, 0.18 mmol), exo-5-norbornene-2-carboxylic acid (29 mg, 0.21 
mmol), and dimethylaminopyridine (10 mg, 0.08 mmol) were combined in 15 mL of 
CH2Cl2.  A solution of dicyclohexylcarbodiimide (42 mg, 0.21 mmol) in 5 mL of CH2Cl2 
was added, and the reaction was stirred under argon at ambient temperatures for 24 h.  
The solvent was evaporated and the residue was purified via column chromatography 
(silica, CH2Cl2) to give compound 12 (81 mg, 49% yield).  1H NMR (CDCl3): δ = 7.76 
(d, 2H, J = 8.1 Hz), 7.69 (d, 1H, J = 8.1 Hz), 7.62 (d, 1H, J = 8.4 Hz), 7.47 (m, 6H), 7.36 
(d, 1H, J = 6.0 Hz), 7.26 (d, 1H, J = 5.1 Hz), 7.12 (td, 1H, J = 7.2 Hz, 1.5 Hz), 7.05 (m, 
1H), 6.93 (dd, 1H, J = 6.3 Hz, 1.5 Hz), 6.85 (m, 3H), 6.67 (m, 5H), 6.06 (m, 2H), 4.87 (s, 
2H), 2.83 (m, 2H), 2.01 (m, 1H), 1.55 (m, 1H), 1.34 (m, 1H), 1.23 (m, 2H).  13C NMR 
(CDCl3): δ = 176.2, 166.7, 163.4, 162.7, 161.8, 157.4, 155.3, 149.3, 147.8, 147.7, 147.5, 
147.1, 144.6, 143.2, 142.6, 138.5, 138.0, 137.2, 136.9, 136.7, 136.2, 129.2, 128.8, 125.1, 
124.9, 124.1, 123.7, 122.4, 122.3, 122.2, 120.4, 119.8, 118.8, 118.7, 66.7, 46.6, 43.3, 
41.8, 30.4.  MS Calcd (M) 917.2.  Found (EI): 917.2 (M).  Anal. Calcd. 
(C46H34IrN3O2S2): C, 60.24; H, 3.74; N, 4.58.  Found: C, 58.53; H, 3.62; N, 4.59. 
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General polymerization procedure.  A solution of Grubbs’ third generation initiator in 
chloroform (0.05 M) was added to a chloroform solution (0.01M) containing a mixture of 
13 and the desired iridium-containing monomer (3, 10 – 12) in a ratio of 9:1, 
respectively.  The reaction mixture was stirred for 20 minutes at ambient temperatures.  
After 20 minutes, the polymerization was quenched by the addition of ethyl vinyl ether.  
The reaction mixture was concentrated and precipitated into methanol.  The resulting 
solid was collected by filtration, redissolved in CH2Cl2 and reprecipitated into methanol.  
This procedure was repeated until the methanol solution was clear to yield copolymers 14 
– 17 for which 1H-NMR spectra showed no remaining monomer or other impurity peaks.  
All copolymers were synthesized with a total monomer to catalyst ratio of 50:1. 
Copolymer 14.  1H NMR (CDCl3): δ = 8.07 (br), 7.78 (br), 7.42 (br), 7.22 (br), 6.85 (br), 
6.38 (br), 6.26 (br), 4.97 (br), 2.98 (br), 2.00 (br), 1.68 (br), 1.44 (br).  13C NMR (CDCl3): 
δ = 163.5, 163.0, 162.3, 154.0, 147.1, 141.1, 138.8, 137.6, 137.1, 134.1, 129.9, 126.3, 
123.6, 121.8, 121.4, 120.6, 120.3, 118.2, 110.0, 97.4, 73.1, 71.0, 51.2, 42.7, 41.6, 37.1, 
29.9, 26.8, 25.3.  Anal. Calcd.: Ir, 2.75.  Found: Ir, 2.16. 
Copolymer 15.  1H NMR (CDCl3): δ = 8.05 (br), 7.76 (br), 7.38 (br), 7.20 (br), 6.76 (br), 
4.98 (br), 2.98 (br), 2.16 (br) 1.92 (br), 1.67 (br), 1.43 (br).  13C NMR (CDCl3): δ = 
166.8, 166.3, 161.7, 161.2, 160.9, 154.1, 147.1, 143.7, 141.1, 138.7, 137.3, 137.0, 136.0, 
134.6, 134.1, 133.1, 130.7, 130.1, 129.9, 127.9, 126.2, 124.1, 123.6, 121.8, 121.4, 120.6, 
120.2, 118.9, 110.0, 73.0, 71.0, 51.2, 44.1, 42.3, 41.7, 38.9, 37.1, 29.9, 26.7, 25.4.  Anal. 
Calcd.: Ir, 2.79.  Found: Ir, 3.06. 
Copolymer 16.  1H NMR (CDCl3): δ = 8.07 (br), 7.81 (br), 7.42 (br), 7.21 (br), 6.82 (br), 
6.63 (br), 4.98 (br), 3.05 (br), 1.98 (br), 1.68 (br), 1.42 (br).  13C NMR (CDCl3): δ = 
167.4, 165.8, 160.4, 158.3, 154.0, 149.1, 148.4, 143.5, 141.1, 138.7, 137.0, 135.9, 133.3, 
129.8, 128.3, 126.2, 125.2, 123.6, 121.8, 121.4, 120.6, 120.2, 119.3, 110.0, 72.9, 71.0, 
51.2, 42.6, 41.5, 39.2, 37.1, 26.8, 25.4.  Anal. Calcd.: Ir, 2.75.  Found: Ir, 2.99. 
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Copolymer 17.  1H NMR (CDCl3): δ = 8.06 (br), 7.77 (br), 7.40 (br), 7.21 (br), 6.82 (br), 
6.65 (br), 4.97 (br), 2.98 (br), 1.92 (br), 1.68 (br), 1.43 (br).  13C NMR (CDCl3): δ = 
167.5, 161.8, 157.8, 155.2, 154.0, 149.2, 147.8, 143.2, 142.6, 141.1, 138.7, 137.0, 134.1, 
129.9, 126.2, 125.1, 123.6, 121.8, 121.4, 120.6, 120.2, 118.6, 110.0, 73.0, 71.0, 51.2, 
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OPTIMIZATION OF OLED PERFORMANCES BY OPTIMIZATION 
OF THE POLYMER STRUCTURE 
 
8.1 Abstract 
This chapter studies the polymer structure-device performance relationship in 
order to discover general principles that can be used to optimize polymer structures.  As a 
model system, orange-emitting copolymers containing iridium complexes and 
bis(carbazolyl)fluorene groups in their side-chains were prepared, and the molecular 
weight, iridium loading, spacer type, and spacer length were systematically changed.  The 
optimum polymer structure resulted in a device with an external quantum efficiency of 
4.9±0.4%, and a luminance of 8.8±0.7cd A-1 at 100 cd m-2.  It was found that these 
principles can be applied to the polymers containing other types of iridium complexes.  
Finally, in order to optimize the device fabrication, an orange-emitting copolymer with 
cinnamate type crosslinking units in the side chains was prepared, and its use in fully 
solution-processed OLEDs was demonstrated.  
 
8.2  Introduction 
In Chapter 7, synthesis and characterization of copolymers containing iridium 
complexes and bis(carbazolyl)fluorene groups in their side-chains were described.  The 
best device performance was obtained for the orange-emitting copolymers.  In this 
chapter, while the structures of the orange-emitting iridium complex and the host 
compound remain the same as in Chapter 7, the device performance was attempted to be 
maximized by changing the molecular weights and iridium contents of the polymers, and 
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by changing the types and lengths of the linkers between the electroactive groups on the 
side chains and the polymer backbone. 
The molecular weight of the polymer might have a significant impact on the 
device performance, since it will affect the processability and the morphology of the 
emissive layer.  As in the previous chapter, ring-opening metathesis polymerization1,2  
was employed to obtain polymers with different molecular weights in order to study the 
effect of the chain length on the device performance.  Another factor that can influence 
the device performance is the concentration of the iridium complex.  High concentrations 
of the iridium complex can give rise to concentration quenching, whereas low 
concentrations might result in insufficient energy transfer from the host to the complex.3,4  
Therefore, it is clear that finding the optimum iridium loading on the polymer will lead to 
an enhancement in device performance.  Finally, spacer groups might also affect the 
electroluminescence behavior of polymers.  For example, replacing an ether group on the 
spacer with an ester group can have an impact on the hole mobility of the polymer due to 
a change in the polarity of the spacer.5-7  Furthermore, increasing the spacer length might 
result in a better performance due to a better mixing of the iridium complex with the host 
compound.8 
  The electron-transport layers that are described in the previous chapters contain 
small molecules that are vacuum deposited on top of the emissive layer.  Solution-
processing of the electron-transport layer was not possible due to the fact that the 
emissive layer would dissolve during the deposition of the electron-transport layer.  An 
ideal device would have each layer solution-processed on top of each other.  In Section 
8.4, in order to demonstrate the fabrication of a fully solution-processed device, an 
orange-emitting copolymer with cinnamate type crosslinking units9-11 in the side chains 
was described, and the device performance was compared to that of the optimized 
orange-emitting copolymer.   
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8.3  Results and Discussion 
8.3.1  Optimization of Orange-emitting Copolymers 
Synthesis.  The structures of monomers 1-4, which are used to prepare the different 
polymers, are shown in Fig. 8.1.  For the host monomers 1 and 2 (synthesized by Lauren 
E. Hayden, and Simon C. Jones in the Marder Group), we selected 2,7-di(carbazol-9-
yl)fluorene as the building block, as discussed in Chapters 4 and 7.  The promising 
performance of the combination of the bis(carbazolyl)fluorene host material and an 
orange-emitting iridium complex in the emissive layer of an OLED device in Chapter 7 
indicates an efficient energy transfer from the host to the iridium complex.  
 
 




The synthesis of monomer 3 (Fig. 8.1) was described in Chapter 7.  Monomer 4 
was synthesized by the reaction of compound 512  with the alcohol functionalized iridium 
complex 6 (Scheme 8.1).  
 
 
Scheme 8.1  Synthesis of iridium containing monomer 4. 
 
Copolymerizations of 1 or 2 with 3 or 4 were carried out in chloroform at room 
temperature using Grubbs’ third generation initiator (Scheme 8.2).  All copolymerizations 
were complete within 10 minutes.  A range of monomer to catalyst ratios as well as host 
monomer to the iridium complex containing monomer ratios were employed in order to 
obtain polymers with tunable polymer properties such as molecular weight and iridium 
content.  Table 8.1 lists the polymer properties of copolymers 7-19.  For 7-9, we have 
varied the monomer to catalyst ratio, i.e. the molecular weights of the resulting polymers.  
Copolymers 7-9 have molecular weights between 19 kD and 238 kD, and polydispersities 
between 1.29 and 1.47.  For copolymers 10-16, we kept the monomer to catalyst ratio 
constant (50:1 molar ratio) leading to molecular weight in a range comparable to that of 
polymer 7 but varied the relative percentages of the iridium containing monomer in the 
copolymers from a 98:2 to a 60:40 molar ratio.  The final incorporation of iridium in the 
copolymers has been calculated from elemental analysis and ranges from 2 to 29 mol% 
(Table 8.1).  The iridium monomer feed ratios and the measured iridium content in the 
copolymers are in good agreement for copolymers with less than or equal to 20 mol% 
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iridium.  For higher iridium loading levels (30 mol% and 40 mol%), the measured 
iridium loadings are lower than the theoretical ones (the molar feed ratio for 16 was m:n 
= 60:40 with an incorporation of m:n = 71:29 while for 15 the molar feed ratio of m:n = 
70:30 resulted in m:n = 75:25).  This can be explained potentially from a loss of 
oligomeric iridium containing materials that aggregate during purification.  It has already 
been proposed previously that aggregation might occur during the polymerization due to 
the close proximity of the iridium complexes.13  For lower iridium level, the host material 
acts as a spacer between the metal complexes preventing, at least partially, potential 
aggregation.  
 
Scheme 8.2  Synthesis of copolymers 7-19. 
 
Photophysical Properties.  The absorption and photoluminescence spectra of 7 have been 
reported in Chapter 7.  Comparable spectra have been measured of copolymers 7-9, 17, 
and 18, indicating that the polymer chain length (7-9 and spacer length or type (17 and 
18) do not affect the emission properties (Table 8.1).  Increasing the iridium 
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concentration, on the other hand, resulted in a red shift in the solid-state emission. The 
photoluminescence spectrum of the polymer with the lowest iridium loading (2 mol%) 
peaks at 595 nm, whereas the polymer with highest iridium loading (29 mol%) has its 
maximum at 613 nm.  The photoluminescence quantum yield of the iridium-based orange 
organometallic complex in toluene is 10% which is low compared to that of the well-
known green complex fac tris(2-phenylpyridine)iridium (Ir(ppy)3, Φ=0.41).  
 
Table 8.1  Characterization of copolymers with peak maxima of solid-state 
photoluminescence and electroluminescence spectra, plus external quantum efficiency 
and luminous efficiency at 100 cd/m2 for devices based on phosphorescent copolymers 
with different molecular weight, different iridium concentration, and different linkages 
between the side groups and the polymer backbone. The device structure was ITO/20 (35 
















7 89:11 19.0 1.29 594 600 2.9±0.3 3.9±0.4 
8 92:8 70.0 1.33 590 602 3.2±0.3 4.9±0.4 
9 90:10 238.0 1.47 591 607 1.5±0.1 2.0±0.1 
10 98:2 16.0 1.34 595 596 1.9±0.3 2.6±0.4 
11 95:5 23.0 1.26 595 598 3.4±0.4 4.6±0.5 
12 93:7 16.0 1.43 597 602 3.0±0.4 4.1±0.5 
13 81:19 21.0 1.48 605 607 2.4±0.2 3.2±0.3 
14 79:21 19.5 1.44 604 607 2.0±0.1 2.7±0.2 
15 75:25 19.5 1.32 612 611 1.9±0.1 2.6±0.1 
16 71:29 27.0 1.25 613 612 1.7±0.1 2.3±0.1 
17 90:10 16.0 1.31 592 605 3.9±0.3 5.3±0.4 
18 90:10 20.0 1.21 594 603 4.5±0.5 8.0±0.9 
19 95:5 16.5 1.21 595 597 4.9±0.4 8.8±0.7 
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Electroluminescence.  Electroluminescence studies were conducted by Andreas Haldi and 
Benoit Domercq in the Kippelen group at Georgia Institute of Technology.  Table 8.1 
lists the external quantum efficiencies and luminous efficiencies at 100 cd/m2 for devices 
based on the orange-emitting copolymers.  The device with the highest molecular weight 
(238,000 g/mol) copolymer 9 exhibited poor performance compared to the polymers with 
lower molecular weights. However, similar device performances were obtained for the 
polymers with molecular weights of 19,000 g/mol and 70,000 g/mol.  
 
 
Figure 8.2  Structure of the hole-transport polymer 20. 
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Iridium loading level (%)
 
Figure 8.3  External quantum efficiency as a function of the loading level of the iridium 
complex in the copolymer for OLEDs with device configuration ITO/ 20 (35 nm)/ 7, 10-
16 (20-25 nm)/BCP (40 nm)/LiF (1 nm)/Al. 
 
For the polymers with different iridium loadings, the highest performance was 
obtained for 11, which contains 5% iridium containing monomer (Figure 8.3).  Similar 
results have been reported for the studies on evaporated or molecularly doped 
OLEDs.4,14-18  For high loading levels, concentration quenching is expected,19  whereas  
for  low concentrations,  light emission from the host and the guest can be observed 
simultaneously,18  indicating incomplete energy transfer from the host to the guest.  As in 
the case of photoluminescence, increasing the iridium concentration resulted in a red shift 
in the electroluminescence spectrum (Figure 8.4).  For example, the maximum 
electroluminescence wavelength is 596 nm for the copolymer with an iridium complex 
concentration of 5 mol%, whereas it is 612 nm for the copolymer with 29 mol% iridium 
concentration.  With a 5 mol% iridium concentration, the CIE coordinates of the emission 




































Figure 8.4  Electroluminescence spectra for OLED devices using 7, 10, 14, 16 with 
increasing iridium complex content as emitting layer. 
 
Finally, the influences of the spacer type and length on the device performance 
were studied.  Higher efficiencies were obtained for the copolymers with ester linkage on 
the host material compared to the ether linkage.  Furthermore, increasing the spacer 
length on the iridium containing monomer led to more efficient devices, probably due to 
a better mixing of the metal complex with the host.  The best result was obtained for 19 
with 5% iridium complex loading, a long spacer on the iridium complex, and an ester 






































































Figure 8.5  Current density (solid symbols, top), luminance (solid symbols, bottom), and 
external quantum efficiency (empty symbols, bottom) as a function of applied voltage for 
a device with structure ITO/20 (35 nm)/19 (25 nm)/BCP (40 nm)/LiF (1 nm)/Al. 
 
8.3.2  Crosslinkable Orange-Emitting Copolymer 
Synthesis. The synthesis of the crosslinkable orange copolymer is depicted in Scheme 
8.3.  The host material 2 and the crosslinking unit 21 were synthesized by scientists in the 
Marder Group.  Copolymerization of 2, 21, and 4 was carried out in chloroform at room 
temperature using Grubbs’ third generation initiator with a monomer to catalyst ratio of 
50.  The calculated feed ratio of the monomers was 70:5:25 for m:n:o.  Elemental 
analysis revealed the actual ratio to be 66:6:28.  The polymer has a molecular weight 





Scheme 8.3  Synthesis of the crosslinkable orange-emitting copolymer 22. 
 
Electroluminescence.  Electroluminescence studies were conducted by Andreas Haldi in 
the Kippelen group at Georgia Institute of Technology.  OLEDs with polymer 22 as the 
emissive layer were fabricated in order to determine the potential of our crosslinking 
approach.  Figure 8.6 shows the electroluminescence data of devices with copolymer 22.  
The photocrosslinkable hole-transport polymer 20 (Figure 8.2) was spin-coated onto ITO 
and crosslinked by UV radiation.  Then, copolymer 22 was spin-coated onto the hole-
transport layer, crosslinked by UV radiation, followed by the depositions of the electron-
transport layer, and the cathode.  Three different electron-transport compounds were 
used.  The device with vacuum deposited BCP gave an EQE of 0.5%.  On the other hand, 
the device with solution-processed polymer 24 (synthesized by scientists in the Marder 
Group) had an EQE of 1.3%.  Finally, when polymer 22 was mixed with the electron-
transport compound 23 (synthesized by scientists in the Marder Group), the external 
quantum efficiency increased to 2.7%.  As mentioned in Section 8.3, the optimized 
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device with the orange-emitting copolymer without a crosslinking group gave EQE of 
4.9%.  Although lower performances obtained for the devices with copolymer 22 
compared to the device with copolymer 19, the results are still highly promising, 



















































Figure 8.6  Luminance and external quantum efficiency as a function of applied voltage 




Figure 8.7  Structures of the electron-transport compounds 23 and 24. 
 117 
8.3.3  Optimization of Green-Emitting Copolymers 
Synthesis.  In Section 8.3.1, it was shown that a long spacer on the orange-emitting 
iridium-containing monomer resulted in a significant increase in the device performance.  
Assuming that this principle will also be valid for other iridium containing monomers, we 
prepared compound 26, a green-emitting monomer with a long spacer.  Figure 8.8 shows 
the structures of compound 26, and the host materials (synthesized by Marder Group) that 
are copolymerized with 26.  Monomer 26 was synthesized by the reaction of compound 
512 with the alcohol functionalized iridium complex 6 (Scheme 8.3).    
 
 
Figure 8.8  Structures of the monomers for the optimization of the green-emitting 
copolymers. 
 
As mentioned above, two different host materials are copolymerized with 26 
(Scheme 8.4).  Monomer 2 contains 2,7-di(carbazol-9-yl)fluorene group that was 
described previously in this chapter and Chapters 4 and 7.  The second host compound 
contains a carbazole trimer.  As described in Chapters 3, 5, and 6, carbazole based 
compounds have been widely used as the host materials for luminescent metal complexes 
due to their hole transporting properties.20-23  The carbazole trimer in compound 25 has 
been studied extensively for applications in electronics24-28 and employed successfully as 
a host material for a green-emitting iridium complex.29  
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Scheme 8.4  Synthesis of green-emitting monomer 26. 
 
Copolymerizations of 26 with 2 or 25 were carried out in chloroform at room 
temperature using Grubbs’ third generation initiator with monomer to catalyst ratio of 
50:1(Scheme 8.4).  Each polymer has 5 mol% iridium containing monomer, as this is the 
optimum loading for the orange-emitting copolymer.  Both copolymerizations were 
complete within 10 minutes.  Polymer 28 has a molecular weight (Mw) of 10 kDa with a 




Scheme 8.5  Synthesis of green-emitting copolymers 28 and 29. 
 
Photoluminescence.  The photoluminescence spectra of copolymers 28 and 29 are shown 
in Figure 8.9 and are almost identical to the reference compound fac-Ir(ppy)3.  The 
solution and the solid-state emission maxima of the copolymers are almost identical.  
These results suggest that the polymer backbone and the host groups do not interfere with 
the photoluminescence properties of the pendant metal complexes.   
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Figure 8.9  Solid-state photoluminescence data for polymers 28 (bottom curve) and 29 
(top curve) 
 
Electroluminescence.  Electroluminescence studies were conducted by Andreas Haldi in 
the Kippelen group at Georgia Institute of Technology.  OLEDs with polymer 28 as the 
emissive layer were fabricated in order to determine the effect of the spacer length on the 
device performance.  Figure 8.10 shows the electroluminescence data of devices with 
copolymer 28.  The photocrosslinkable hole-transport polymer 20 (Figure 8.2) was spin-
coated onto ITO and crosslinked by UV radiation.  Then, Copolymer 28 was spin-coated 
onto the hole-transport layer, followed by the depositions of the electron-transport 
compound BCP, and the cathode.  The device exhibited an external quantum efficiency 
of 2.7% and a luminance of 9 cd/A at 100 cd/m2.  In Chapter 7, the green-emitting 
polymer with 10 mol% iridium containin monomer and a slightly different linker on the 
host material resulted in a device with EQE of 1.1% and a luminance of 4.1 cd/A at 100 
cd/m2.  Therefore it is clear that a long spacer on the iridium containing monomer and a 
decrease in iridium loading lead to an increase in device performance.  These results are 
in accord with Section 8.4, where the same phenomena were observed for the orange-
emitting copolymers.  On the other hand, the device with polymer 29 gave a poor 
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performance.  At this point, the reason for the poor performance is not clear, and needs to 
be further investigated. 
 



















































































Figure 8.10  Current density, luminance, and external quantum efficiency as a function 
of applied voltage for a device with structure ITO/20 (35 nm)/28 (20 nm)/BCP (40 
nm)/LiF (1 nm)/Al. 
 
8.4 Conclusion 
Copolymers with an orange- or green-emitting iridium complex and host groups 
in their side-chains were synthesized and incorporated into phosphorescent organic light-
emitting diodes.  For the orange-emitting copolymers, the effects of molecular weight, 
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iridium content, spacer type and length on the device performance were investigated in 
detail.  Unless it is too high (i.e. more than 200 kDa), the molecular weight of the 
copolymer did not significantly influence the device performance.  On the other hand, the 
optimum iridium complex loading was found to be 5 mol%.  Changing the linker type on 
the host material from an ether group to an ester group resulted in a slight increase on the 
device performance.  Finally, replacing a short spacer on the iridium containing monomer 
with a long one led to further improvement.   
Incorporation of a crosslinking unit as a side-chain of the orange-emitting 
copolymer made it possible to fabricate fully solution-processed OLEDs.  However, the 
crosslinked polymer resulted in a decrease in the efficiency of the device.  External 
quantum efficiencies as high as 4.9±0.4% at 100 cd/m2 were measured for the orange-
emitting copolymers.  In order to determine the applicability of these findings to the other 
type of iridium complexes, a green-emitting copolymer with 5 mol% iridium containing 
monomer and a long spacer on the iridium containing monomer was prepared.  An 
improvement on the device performance was observed by employing this copolymer, 
suggesting that the principles that are used to optimize the orange-emitting copolymer 
can also be applied to other types of iridium containing polymers.   
 
8.5  Experimental 
All reagents were purchased either from Acros Organics or Aldrich and used 
without further purification.  1H-NMR and 13C-NMR spectra (300 MHz 1H NMR, 75 
MHz 13C NMR) were obtained using a Varian Mercury Vx 300 spectrometer.  All spectra 
are referenced to residual proton solvent.  Abbreviations used include singlet (s), doublet 
(d), doublet of doublets (dd), triplet (t), triplet of doublets (td) and unresolved multiplet 
(m).  Mass spectral analyses were provided by the Georgia Tech Mass Spectrometry 
Facility.  Gel-permeation chromatography (GPC) analyses were carried out using a 
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Waters 1525 binary pump coupled to a Waters 2414 refractive index detector with 
methylene chloride as the eluant on American Polymer Standards 10 µm particle size, 
linear mixed bed packing columns.  The flow rate used for all the measurements was 1 
mL/min.  All GPC measurements were calibrated using poly(styrene) standards and 
carried out at room temperature. UV/vis absorption measurements were taken on a 
Shimadzu UV-2401 PC recording spectrophotometer.  Emission measurements were 
acquired using a Shimadzu RF-5301 PC spectrofluorophotometer. Elemental analyses for 
iridium were provided by Galbraith Laboratories. 
fac-exo-bis(2-phenyl-quinolinato, N, C2′)(2-(4′-(10-methoxy-10-oxodecyl 
bicyclo[2.2.1]hept-5-ene-2-carboxyl) phenyl)pyridinato, N, C2′) iridium(III) (4).  
Compounds 512  (98 mg, 0.31 mmol) and 6 (200 mg, 0.25 mmol) and 
dimethylaminopyridine (17 mg, 0.14 mmol) were combined in 10 mL of CH2Cl2.  A 
solution of dicyclohexylcarbodiimide (60 mg, 0.30 mmol) in 2 mL of CH2Cl2 was added 
and the reaction was stirred under argon at ambient temperatures for 24 h.  The solvent 
was evaporated and the residue was purified via column chromatography (silica, CH2Cl2) 
to give compound 4 as an orange powder (210 mg, 77% yield).  1H NMR (CDCl3): δ = 
8.19 (d, 1H, J = 9 Hz), 8.09 (m, 3H), 7.99 (d, 1H, J = 9 Hz), 7.88 (m, 2H), 7.67 (m, 2H), 
7.62 (m, 2H), 7.56 (d, 1H, J =8.7 Hz), 7.47 (m, 1H), 7.38 (d, 1H, J = 8.1 Hz), 7.19 (m, 
3H), 6.92 (m, 3H), 6.73 (m, 4H), 6.63 (m, 2H), 6.45 (d, 1H, J =1.8 Hz), 6.13 (m, 2H), 
4.72 (s, 2H), 4.09 (t, 2H, J = 6.9 Hz), 3.05 (s, 1H), 2.92 (s, 1H), 2.24 (t, 2H, J= 7.5), 1.95 
(m, 1H), 1.58 (m, 6H), 1.34 (m, 12H).  13C NMR (CDCl3): δ =176.6, 173.9, 167.4, 165.8, 
163.2, 160.6, 158.4, 149.2, 148.7, 148.2, 146.5, 144.9, 143.6, 138.3, 137.6, 137.1, 137.0, 
136.3, 136.1, 135.9, 133.1, 130.4, 129.8, 129.6, 129.2, 128.4, 127.9, 127.8, 127.7, 127.1, 
126.4, 126.3, 125.8, 125.3, 123.5, 122.3, 120.6, 120.2, 119.6, 119.1, 118.4, 118.2, 66.6, 
64.9, 46.9, 46.6, 43.5, 41.9, 34.6, 30.6, 29.6, 29.5, 29.4, 29.3, 28.9, 26.2, 25.1. MS (ESI): 
m/z 1008.3 ([M-C5H7])  Anal. Calcd. (C60H56IrN3O4): C, 67.02; H, 5.25; N, 3.91.  Found: 
C, 67.07; H, 5.43; N, 4.12. 
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fac-exo-bis(2-phenyl-pyridine, N, C2′)(2-(4′-(10-methoxy-10-oxodecyl 
bicyclo[2.2.1]hept-5-ene-2-carboxyl) phenyl)pyridinato, N, C2′) iridium(III) (26).  
Compounds 512  (125 mg, 0.41 mmol), 27 (250 mg, 0.37 mmol) and 
dimethylaminopyridine (22 mg, 0.18 mmol) were combined in 8 mL of CH2Cl2.  A 
solution of dicyclohexylcarbodiimide (92 mg, 0.46 mmol) in 2 mL of CH2Cl2 was added 
and the reaction was stirred under argon at ambient temperatures for 24 h.  The solvent 
was evaporated and the residue was purified via column chromatography (silica, CH2Cl2) 
to give compound 28 as a yellow powder (295 mg, 83% yield).  1H NMR (CDCl3): δ = 
7.85 (d, 3H, J = 7.8 Hz), 7.63 (m, 3H), 7.50 (m, 6H), 6.85 (m, 11H), 6.12 (m, 2H), 4.91 
(s, 2H), 4.07 (t, 2H, J = 6.9), 3.04 (s, 1H), 2.91 (s, 1H), 2.24 (m, 3H), 1.92 (m, 2H), 1.59 
(m, 5H), 1.25-1.41 (m, 11H).  13C NMR (CDCl3): δ = 176.6, 174.0, 166.9, 166.8, 166.4, 
161.8, 161.2, 160.9, 147.3, 147.2, 143.9, 138.3, 137.4, 137.3, 137.1, 136.2, 136.0, 130.1, 
130.0, 124.1, 122.3, 122.2, 120.1, 119.3, 119.0, 118.9, 66.7, 64.8, 46.8, 46.6, 43.4, 41.8, 
34.6, 30.6, 29.6, 29.5, 29.4, 29.3, 28.9, 26.2, 25.1. MS Calcd (M): 975.3.  Found (ESI): 
976.3 (M+1).  Anal. Calcd. (C52H52IrN3O4): C, 64.04; H, 5.37; N, 4.31.  Found: C, 62.73; 
H, 5.17; N, 4.23. 
 
General polymerization procedure.  A solution of Grubbs’ third generation initiator30  
in chloroform (0.05 M) was added to a chloroform solution (0.01M) containing a mixture 
of monomers 3 or 4 and 5 or 6 in the desired ratios (Table 1).  The reaction mixture was 
stirred for 15 minutes at ambient temperatures.  After 15 minutes, the polymerization was 
quenched by the addition of ethyl vinyl ether.  The reaction mixture was concentrated and 
precipitated into methanol.  The resulting solid was collected by filtration, redissolved in 
CH2Cl2 and reprecipitated into methanol.  This procedure was repeated until the methanol 
solution was clear to yield copolymers for which 1H-NMR spectra showed no remaining 
monomer or other impurity signals.  
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Copolymer 17.  1H NMR (CDCl3): δ = 8.07 (br), 7.81 (br), 7.40 (br), 7.23 (br), 6.79 (br), 
6.63(br), 5.02 (br), 4.71 (br), 3.78 (br), 2.56 (br), 1.90 (br), 1.49 (br), 1.12 (br).  13C NMR 
(CDCl3): δ = 167.0, 165.2, 160.3, 158.1, 153.3, 148.7, 145.9,144.5, 143.0, 140.6, 138.1, 
137.2, 136.7, 130.0, 129.3, 128.1, 127.5, 125.9, 125.3, 123.2, 121.5, 121.2, 120.4, 119.8, 
117.7, 109.8, 66.4, 63.8, 50.9, 41.7, 36.7, 26.6, 24.4.  
Copolymer 18.  1H NMR (CDCl3): δ = 8.06 (br), 7.84 (br), 7.48 (br), 7.21 (br), 6.89 (br), 
6.68 (br), 4.99 (br), 4.74 (br), 3.72 (br), 2.64 (br), 1.95 (br), 1.50 (br), 1.09 (br).  13C 
NMR (CDCl3): δ = 167.5, 165.6, 163.1, 160.5, 158.5, 153.7, 149.2, 148.8, 148.2, 146.5, 
144.9, 143.6, 141.1, 138.8, 137.6, 137.2, 136.3, 133.1, 132.4, 130.5, 129.8, 128.4, 127.9, 
126.5, 123.7, 121.9, 121.6, 120.7, 120.4, 119.7, 119.1, 118.2, 110.0, 66.8, 64.3, 60.7, 
51.2, 49.7, 46.2, 45.8, 43.6, 42.5, 37.0, 34.9, 32.1, 29.7, 26.9, 25.5, 24.4, 22.9.   
Copolymer 22.  1H NMR (CDCl3): δ = 8.17 (br), 7.92 (br), 7.48 (br), 7.29 (br), 6.95 (br), 
6.78 (br, m), 6.30 (br), 5.10 (br), 3.81 (br), 2.64 (br), 2.03 (br), 1.59 (br), 1.19 (br). Anal. 
Calcd.: C, 82.70; H, 5.94; N, 3.58; O, 6.19; Ir, 1.58.  Found: C, 81.96; H, 6.03; N, 3.62; 
O, 6.40; Ir,1.92. 
Copolymer 28. 1H NMR (CDCl3): δ = 8.07 (br), 7.84 (br), 7.39 (br), 7.21 (br), 6.88 (br), 
6.69 (br, m), 5.00 (br), 4.75 (br), 3.73 (br), 3.11 (br), 2.50 (br), 1.92 (br), 1.48 (br), 1.08 
(br). 
Copolymer 29.  1H NMR (CDCl3): δ = 8.16 (br), 7.59 (br), 7.35 (br), 7.26 (br), 6.86 (br), 
5.30(br, m), 4.90 (br), 4.37 (br), 3.99 (br), 3.11 (br), 2.85 (br), 2.48 (br), 2.22 (br), 1.96 
(br), 1.75 (br, m), 1.55 (br), 1.29 (br). 
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CONCLUSION AND OUTLOOK 
 
9.1  Abstract 
This chapter provides a broad overview of the projects that are described in this 
thesis, and summarizes the basic findings.  Furthermore, suggestions for future studies 
are presented. 
   
9.2  Summary of the Results 
In this thesis, syntheses and characterizations of polymers with metal complexes 
along their side-chains for OLED applications are described.  The physical and 
photophysical properties of the polymers were tuned by changing the backbone and the 
metal complex.  Poly(norbornene)s, poly(cyclooctene)s, and poly(styrene)s were studied.  
The differences in the glass transition temperatures and PDIs of the polymers indicated 
that device performances might be affected by the polymer type due to the differences in 
the processability of the polymers.  However, no direct comparison was made in order to 
determine the most promising polymer type for OLED applications.  In addition to the 
backbone, it was found that the molecular weights of the polymers had an impact on the 
device performance.  It was shown that devices based on high molecular weight 
poly(norbornene)s (200 kDa) had lower efficiencies than those with low molecular 
weight (15-50 kDa).  In each case, it was found that the polymer backbone does not 
interfere with the basic photopysical properties of the metal complexes.  
The two main classes of metal complexes studied in this thesis are 
metalloquinolates and iridium complexes.  It was shown that the emission properties of 
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poly(cyclooctene)s containing 8-hydroxyquinolines in their side-chains could be altered 
by simply changing the metal.  Green- and near IR-emitting polymers were synthesized 
by employing aluminum and ytterbium, respectively.  On the other hand, for the iridium 
complexes, changes in color were achieved by varying the ligands.  Iridium containing 
polymers with emission spectra that span the entire visible spectrum were synthesized by 
employing the appropriate ligands.  All homopolymers based on these complexes 
(metalloquinolates and iridium complexes) had solubility problems that could be 
attributed to different reasons.  For polymers with metalloquinolates, ligand exchange 
reactions between the complexes can result in a crosslinked network due to the binding of 
the metal to ligands on different polymer chains1-3, whereas, for the iridium containing 
polymers, the insolubility is believed to be due to the aggregation between the 
complexes.4  Regardless of the reason, it is clear that comonomers had to be used in order 
to increase the solubility.  Comonomers that could also function as a host material for the 
metal complex were chosen to increase charge transfer and to facilitate exciton 
formation.  The comonomers that are described in this thesis are based on carbazole or a 
2,7-di(carbazol-9-yl)fluorene-type material.  These compounds have been employed 
extensively as host materials in OLEDs.5-9  In Chapter 3, it was shown that there is 
significant energy transfer from carbazole to aluminum tris(8-hydroxyquinoline) for the 
poly(cyclooctene) based systems, proving the efficiency of our approach.  Similarly, the 
electroluminescence spectra of poly(norbornene)s with iridium complexes and a 2,7-
di(carbazol-9-yl)fluorene type host material did not show emission from the host, 
indicating an efficient energy transfer from the host to the complex. 
The main focus in terms of device studies was on the poly(norbornene)s with 
iridium complexes (Chapters 7 and 8).  The best results were obtained for the orange-
emitting polymer, which was used as the model system to study polymer structure-device 
performance relationships in order to develop general principles that can be used to 
optimize iridium-containing polymers for OLED applications.  It was found that the 
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device performance is dependent on various parameters such as molecular weight, 
iridium loading, spacer type, and spacer length.  As mentioned above, high molecular 
weight (i.e. more than 200 kDa) had an adverse effect on the device performance.  On the 
other hand, the optimum iridium complex loading was found to be 5 mol%.  Changing 
the linker type on the host material from an ether group to an ester group resulted in a 
slight increase on the device performance.  Finally, replacing a short spacer on the 
iridium containing monomer with a long one led to a further improvement.  External 
quantum efficiencies as high as 4.9 ± 0.4% at 100 cd/m2 were measured for the orange-
emitting copolymers.  It was found that these principles can be applied to other types (i.e. 
green-emitting) of iridium containing polymers.  
Finally, in order to fabricate fully solution-processable OLEDs, an orange-
emitting random copolymer with a crosslinking unit in the side-chain was prepared.  The 
polymer was crosslinked by exposure to UV light after spin-coating it on top of ITO.  
Although a lower efficiency (2.7% EQE) was obtained for the device with the crosslinked 
copolymer than that of the optimized orange-emitting copolymer without the crosslinking 
unit, the results are still highly promising, considering that fully solution-processable 
devices can be fabricated. 
These results show that every unit of the polymer structure has an impact on the 
device performance.  Therefore, polymers for OLED applications should be carefully 
designed.  For example, the host material should be specifically chosen for the metal 
complex in order to maximize energy transfer and charge transport.  The polymerization 
method of choice should be tolerant to functional groups on monomers to minimize 
interference during the polymerization process.  Each project described in the thesis has 
enhanced our knowledge in terms of structure-property relationship, which in turn led to 
the fabrication of OLEDs with systematically improved performances.  The efficiencies 
of our OLEDs are now among the best examples of side-chain functionalized polymers 
for OLED applications.  The general principles described in this thesis for the 
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optimization of the polymer structure can provide guide lines for the future studies.  The 
next section describes future ideas to further optimize the polymer structure.    
 
9.3  Future Ideas 
9.3.1  Postpolymerization Functionalization 
In Chapter 6, it was shown that click chemistry is a highly effective tool for the 
functionalization of polymers with various iridium complexes.  However, preliminary 
studies indicated that the triazole ring has an impact on the device performance.  Indeed, 
it was reported that the triazole ring formed by a click reaction can participate in electron 
transfer between redox species,10  suggesting that the ring might affect the exciton 
formation in the device.  On the other hand, it needs to be determined whether this effect 
is positive or negative.  A decisive conclusion can be drawn by changing the device 
structure systematically, and by employing a different iridium complex with a different 
emission color than Ir(ppy)3.  If the performance of the device based on a polymer with 
the triazole ring is lower in each case, it can be concluded that another 
postpolymerization functionalization strategy is needed. One of the possibilities is the 
hydrazone formation between the polymer and the metal complex as shown in Scheme 
9.1.  Quantitative conversions are obtained for this type of postpolymerization reactions 




Scheme 9.1  Proposed quantitative postpolymerization functionalization. 
 
9.3.2  Optimization of the Iridium-Containing Polymers 
In Chapters 5-8, the iridium containing polymers are also functionalized with the 
materials that are mainly hole-transporters in order to facilitate the charge mobility and 
exciton formation.  This strategy can be taken one step further by the attachment of an 
electron-transport compound to the polymer backbone (Figure 9.1).  Co-existence of an 
electron-transport compound such as an oxadiazole derivative and a hole-transport 
material can improve the charge balance in the emissive layer, leading to an increased 
device performance.12-15  Ultimately, a crosslinking agent can be included in the polymer 
structure to produce a polymer with four functional groups (hole- and electron-
transporters, an emissive metal complex, and a crosslinking unit) for fully solution-




Figure 9.1  Example of a multi-functionalized polymer with a metal complex and hole- 
and electron-transporters. 
 
Another issue that should be addressed in order to optimize device performance is 
the effect of the double bonds of the polymer backbone on the device performance.  The 
double bonds on poly(norbornene) can be hydrogenated as shown in Scheme 9.2.  
Comparison of the performances of the devices with or without these double bonds 
should determine the importance of the presence of the double bonds.  However, it should 
be noted that the complete removal of the hydrogenation catalyst is crucial in order to 




Scheme 9.2  Hydrogenation of the poly(norbornene) backbone. 
 
The PL quantum efficiency of the orange-emitting iridium complex that is 
mentioned in Chapter 7 is 10%.  Comparison of the devices based on the orange-emitting 
polymer and a polymer with a similar emission spectrum but with a higher PL efficiency 
(Figure 9.2) can clarify the importance of the PL quantum efficiency. The iridium 
complex that is shown in Figure 9.2 has a PL quantum efficiency of 32% (three times 
higher than the orange-emitting complex) with an emission maximum of 598 nm,16  
which is the same as our orange emitting polymer.  If the devices give similar 




Figure 9.2  Structure of the proposed orange-emitting polymer with high PL efficiency. 
 
 138 
9.4  References 
(1) Meyers, A.; Weck, M. Design and Synthesis of Alq3-Functionalized Polymers 
Macromolecules 2003, 36, 1766. 
(2) Meyers, A.; Weck, M. Solution and Solid-State Characterization of Alq3-
Functionalized Polymers Chem. Mater. 2004, 16, 1183. 
(3) Wang, X. Y.; Weck, M. Poly(styrene)-Supported Alq3 and BPh2q 
Macromolecules 2005, 38, 7219. 
(4) Carlise, J. R.; Wang, X. Y.; Weck, M. Phosphorescent Side-Chain Functionalized 
Poly(norbornene)s Containing Iridium Complexes Macromolecules 2005, 38, 
9000. 
(5) Jiang, J. X.; Jiang, C. Y.; Yang, W.; Zhen, H. G.; Huang, F.; Cao, Y. High-
Efficiency Electrophosphorescent Fluorene-alt-Carbazole Copolymers N-Grafted 
with Cyclometalated Ir Complexes Macromolecules 2005, 38, 4072. 
(6) You, Y.; Kim, S. H.; Jung, H. K.; Park, S. Y. Blue Electrophosphorescence from 
Iridium Complex Covalently Bonded to the Poly (9-dodecyl-3-vinylcarbazole): 
Suppressed Phase Segregation and Enhanced Energy Transfer Macromolecules 
2006, 39, 349. 
(7) Chen, X. W.; Liao, J. L.; Liang, Y. M.; Ahmed, M. O.; Tseng, H. E.; Chen, S. A. 
High-Efficiency Red-Light Emission from Polyfluorenes Grafted with 
Cyclometalated Iridium Complexes and Charge Transport Moiety J. Am. Chem. 
Soc. 2003, 125, 636. 
(8) Hreha, R. D.; George, C. P.; Haldi, A.; Domercq, B.; Malagoli, M.; Barlow, S.; 
Bredas, J. L.; Kippelen, B.; Marder, S. R. 2,7-Bis(diarylamino)-9,9-
dimethylfluorenes as Hole-Transport Materials for Organic Light-Emitting 
Diodes Adv. Funct. Mater. 2003, 13, 967. 
(9) Marsal, P.; Avilov, I.; da Silva, D. A.; Brédas, J. L.; Beljonne, D. Molecular Hosts 
for Triplet Emission in Light Emitting Diodes: A Quantum-Chemical Study 
Chem. Phys. Lett. 2004, 392, 521. 
 139 
(10) Devaraj, N. K.; Decreau, R. A.; Ebina, W.; Collman, J. P.; Chidsey, C. E. D. Rate 
of Interfacial Electron Transfer through the 1,2,3-Triazole Linkage J. Phys. Chem. 
B 2006, 110, 15955. 
(11) Yang, S. K.; Weck, M. Modular Covalent Multifunctionalization of Copolymers 
Macromolecules 2008, 41, 346. 
(12) Xiang, N. J.; Lee, T. H.; Gong, M. L. A.; Tong, K. L.; So, S. K.; Leung, L. M. 
Synthesis of 2-Phenylquinoline-Based Ambipolar Molecules Containing Multiple 
1,3,4-Oxadiazole Spacer Groups Synth. Met. 2006, 156, 270. 
(13) Bugatti, V.; Concilio, S.; Iannelli, P.; Piotto, S. P.; Bellone, S.; Ferrara, M.; 
Neitzert, H. C.; Rubino, A.; Della Sala, D.; Vacca, P. Synthesis and 
Characterization of New Electroluminescent Molecules Containing Carbazole and 
Oxadiazole Units Synth. Met. 2006, 156, 13. 
(14) Gong, X.; Robinson, M. R.; Ostrowski, J. C.; Moses, D.; Bazan, G. C.; Heeger, A. 
J. High-Efficiency Polymer-Based Electrophosphorescent Devices Adv. Mater. 
2002, 14, 581. 
(15) Lee, J. H.; Tsai, H. H.; Leung, M. K.; Yang, C. C.; Chao, C. C. Phosphorescent 
Organic Light-Emitting Device with an Ambipolar Oxadiazole Host Appl. Phys. 
Lett. 2007, 90, 243501. 
(16) Okada, S.; Okinaka, K.; Iwawaki, H.; Furugori, M.; Hashimoto, M.; Mukaide, T.; 
Kamatani, J.; Igawa, S.; Tsuboyama, A.; Takiguchi, T.; Ueno, K. Substituent 







N-HETEROCYCLIC CARBENE BASED BLUE-EMITTING 
IRIDIUM COMPLEXES 
 
A.1  Abstract 
This section describes a procedure for the synthesis of a blue emitting N-
heterocyclic carbene-based iridium complex in high yields.  Furthermore, a method for 
the separation of the meridional isomer from the facial isomer is depicted.  Finally, 
emission spectra in solution and the solid state are compared to those reported in the 
literature. 
 
A.2  Introduction 
The synthesis and characterization of numerous iridium complexes with emission 
spectra that span the visible spectrum have been reported in the literature, as described in 
the previous chapters.  However, blue-emitting iridium complexes are still scarce.  Most 
iridium complexes that emit in the blue have broad emission spectra that expand into the 
green region, resulting in low color purity.1-3  Exceptions to this behavior are the N-
heterocyclic carbene-based iridium complexes, which emit in the blue or near-UV 
regions.3,4  In general, these complexes have low photoluminescence quantum yields in 
solution (i.e. <10%).  However, the emission quantum yields increase significantly when 
the complexes are doped in polymer films.5  Furthermore, promising performances were 
obtained for devices from N-heterocyclic carbene based iridium complexes,6,7 making 
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them outstanding candidates for the attachment to polymer backbones for solution-
processable OLEDs.   
In this section, the synthesis of an N-heterocyclic carbene based blue-emitting 
iridium complex is described.  Although the complex has been reported in the literature,5  
the methodology described in this section provides a more efficient synthesis of the 
complex in terms of chemical yield.  Furthermore, the solution and solid state emission 
spectra of the complex are reported to demonstrate the color purity of the complex. 
 
A.3  Results and Discussion 
Synthesis.  Ligand 1 was synthesized according to the literature procedures.5  The 
reported procedure for the synthesis of complex 3, involving a base, KHMDS (Potassium 
hexamethyldisilazane), and 10 times excess of ligand 1 with respect to the iridium dimer 
2, results in 24% yield.5  Recently, Mashima and coworkers described a strategy for the 
synthesis of N-heterocyclic carbene-base iridium complexes that employs excess 
amounts of Ag2O.4  By employing a similar procedure that involves stoichiometric 
amounts of the ligand and Ag2O, iridium complex 3 was obtained in 61% yield (Scheme 
A.1), a significant increase from the reported 24%.  The proportion of the meridional and 
the facial isomers was found to be 11:1 according to 1H-NMR spectroscopy.  However, 
recrystallization from dichloromethane/methanol solution afforded pure mer-3 (Figure 
A.1) 
 








In order to determine the applicability of the strategy to the syntheses of iridium 
complexes with 2 different ligands, a second methyl-ether functionalized N-heterocyclic 
carbene ligand was synthesized as shown in Scheme A.2.  Pd2dba3 and BINAP were 
employed to catalyze the coupling of compound 4 and bromobenzene to give compound 
5, which was then reacted with ethyl orthoformate and ammonium tetrafluoroborate to 
yield the target ligand 6. 
 
 
Scheme A.2  Synthesis of ligand 6. 
 
In order to synthesize target complex 8, based on ligands 1 and 3, compound 7 
(synthesized in a single step from complex 2 in 30% yield)7  was reacted with 6 in the 
presence of Ag2O (Scheme A.3).  Unfortunately, this reaction did not produce the desired 
compound.  In a control reaction, ligand 1 was reacted with compound 7 as shown in 
Scheme A.3, and complex 3 was obtained in 20% yield.  As described above, complex 3 
was synthesized in 61% yield in one step from iridium dimer 2.  Overall yield for the 
two-step synthesis for the same compound is 6%, indicating the inefficiency of the 




Scheme A.3  Attempted synthesis of a complex with two different ligands. 
 
Photoluminescence.  Unlike the iridium complexes discussed in the previous chapters, 
both isomers of N-heterocyclic based iridium complexes have high PL quantum 
efficiencies.5  For example, as reported in the literature, mer-3 has 57% PL efficiency in 
PMMA films.5  Figure A.2 shows the emission spectra of mer-3 both in chloroform 
solution and the solid state.  The emission maximum in solution is 457 nm, which is in 
agreement with the literature value.5  However, the solid state emission spectrum is 
shifted towards to the green region with an emission maximum of 503 nm.  This large 
red-shift might be due to excimer formation, as suggested by the broad and featureless 
spectrum.8  The solution emission maximum and the solid state emission maximum in 
PMMA films are similar,5  indicating that the excimer formation can be prevented by 
doping the complex in a suitable host. 
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Figure A.2  Solution (blue) and solid state (green) emission spectra of mer-3. 
 
 
A.4  Conclusion 
A blue emitting N-heterocyclic carbene based iridium complex was synthesized.  
Recrystallization from dichloromethane/methanol solution gave pure meridianal isomer, 
which displayed blue emission in solution.  However, the complex emits in the green 
region in solid state most likely due to aggregation.  Therefore, employment of a host 
material is crucial in order to prevent the aggregation. 
 
A.5  Experimental 
All Reagents were purchased either from Acros Organics or Aldrich and used 
without further purification.  1H-NMR and 13C-NMR spectra (300 MHz 1H NMR, 75 
MHz 13C NMR) were taken using a Varian Mercury Vx 300 spectrometer.  All spectra 
are referenced to residual proton solvent.  Mass spectral analyses were provided by the 
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Georgia Tech Mass Spectrometry Facility.  Emission measurements were acquired using 
a Shimadzu RF-5301 PC spectrofluorophotometer.   
Synthesis of tris-[1-(4′-cyanophenyl)-3-methylimidazol-2-yliden-C2,C2′]-iridium(III), 
3.  A mixture of compounds 1 (1.41 g, 4.53 mmol), 2 (0.50 g, 0.74 mmol), and Ag2O 
(1.04 g, 4.48 mmol) in 2-ethoxy ethanol (60 mL) was stirred for 24 hours at 135 oC under 
argon.  After the solvent was removed in vacuo, the resulting solid was purified by 
column chromatography (silica, CH2Cl2) to give compound 3 as a light yellow powder 
(0.67 g, 61% yield).  The spectral data for 3 were consistent with that reported in the 
literature.5 
4-Methoxybenzene-1,2-diamine, 5.  A Mixture of compound 4 (1.75 g, 12.6 mmol)), 
bromobenzene (4.25 g, 27.1 mmol), NaOtBu (3.08 g, 32.0 mmol), Pd2dba3 (0.225 g, 0.25 
mmol), and BINAP (0.325 g, 0.52 mmol) in 50 mL toluene was stirred at 80 oC under 
argon for 2 days.  Diethyl ether was added and the mixture was filtered.  The solution 
was concentrated in vacuo, followed by column chromatography (silica, 10:1 
hexane/ethyl acetate) to give compound 5 in 52%.  1H NMR (300 MHz, CDCl3) δ 7.30-
7.07 (7H, m); 6.96 (1H, t, J = 7.5); 6.91 (1H, d, J = 3.0); 6.81 (1H, t, J = 7.5); 6.73 (2H, 
d, J = 8.1); 6.44 (1H, dd, J = 8.4, 3.0); 6.14 (1H, s); 5.09 (1H, s); 3.77 (3H, s).  13C NMR 
(75 MHz, CDCl3) δ 158.2, 146.7, 142.6, 141.1, 129.6, 127.3, 123.9, 121.9, 119.5, 119.4, 
115.0, 105.7, 101.9, 55.7.  MS m/z Calcd. (M+): 291.1.  Found (ESI): 291.1 (M+).   
6-Methoxy-1,3-diphenylbenzoimidazolium tetrafluoroborate, 6.  Triethyl 
orthoformate (90 mg, 0.60 mmol)) was added dropwise to the mixture of compound 2 
(145 mg, 0.50 mmol) and ammonium tetrafluoroborate (55 mg, 0.52 mmol) under argon.  
The mixture was stirred at 120 oC for 2 hours.  After cooling to room temperature, hexane 
was added, the mixture was filtered, and the solid was washed with hexane and ethyl 
acetate to give compound 3 as a white powder (160 mg, 83%).  1H NMR (300 MHz, 
CDCl3) δ 9.51 (1H, s); 7.85 (4H, m); 7.67 (7H, m); 7.26 (1H, m); 7.04 (1H, m); 3.88 (3H, 
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s).  13C NMR (75 MHz, CDCl3) δ 160.6, 139.6, 132.8, 131.4, 131.0, 130.9, 129.6, 125.6, 
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APPENDIX B 




B.1  Abstract 
A carbazole based copolymer with crosslinking cinnamate groups was 
synthesized and employed as a hole-transport layer in OLEDs.  An External quantum 
efficiency of 8.4 %, and a luminous efficiency of 28 cd/A were obtained for a device with 
the crosslinked copolymer.  On the other hand, it was found that UV exposure during the 
crosslinking process gives rise to partial decomposition of the carbazole groups, resulting 
in declined device performance. 
 
B.2  Introduction 
The hole-transport compounds that are described in Chapters 6-8 are TPD based 
copolymers that contain crosslinking cinnamate groups.1-4  These polymers were spin-
coated onto ITO and crosslinked by UV radiation, which allowed for the spin-coating of 
the emissive polymers onto the hole-transport layer.  This strategy can be applied to other 
types of hole-transport compounds as well.  As mentioned in the previous chapters, 
carbazole is extensively used in OLEDs due to its hole-transport properties and its high-
energy singlet excited state.5-7  Therefore, it is highly desirable to synthesize carbazole 
based crosslinkable polymers to improve the processability of carbazole.  In this section, 




B.3  Results and Discussion 
Synthesis.  Scheme B.1 depicts the synthesis of the cinnamate functionalized carbazole 
based polymer 3.  The synthesis of polymer 1 was described in Chapter 6.8  Polymer 3 
was obtained by the reaction of compound 2 and polymer 1 in the presence of potassium 
carbonate.  The 1H-NMR spectrum of polymer 3 showed complete disappearance of the –
CH2Cl band of polymer 1 at around 4.20 ppm, and the formation of a broad singlet at 
around 3.80 ppm due to the –OCH3 group of the cinnamate units of polymer 3 (Figure 












Figure B.1  1H-NMR spectrum of polymer 3. 
 
 
Electroluminescence.  Electroluminescence studies were conducted by Andreas Haldi in 
the Kippelen group at Georgia Institute of Technology.  Figure B.2 shows the 
electroluminescence spectra of devices in which copolymer 3 was used as the hole-
transport layer.  Polymer 3 was spin-coated onto ITO, and crosslinked upon exposure to 
UV radiation for 30 minutes.  Subsequently, Ir(ppy)3 doped in CBP was spin-coated on 
top of the hole-transport layer, followed by the depositions of BCP and the cathode.  
Figure B.2 indicates that the device performance is affected by the energy dose of UV 
exposure to crosslink copolymer 3.  UV exposure of 450 mJ resulted in a device with an 
EQE of 8.4%, and a luminous efficiency of 28 cd/A, and decreasing or increasing the 
energy of the UV light did not significantly affect the device performance (Table B.1).  
For example, when the error range is taken into consideration (Table B.1), it can be stated 
that there is almost no difference between 250 mJ and 450 mJ of UV exposure.    
In order to determine the effect of the crosslinking on the device performance, a 
similar device with poly(N-vinyl carbazole)  but without a crosslinking unit was 
fabricated.  It was found that the efficiency of the device without a crosslinking group is 
twice as high as that of the device based on polymer 3.  Therefore, it can be concluded 
that, long term UV radiation (i.e. 30 min) partially decomposes the carbazole ring.  
 152 
Indeed, higher performances were observed for the devices, where polymer 3 was not 
exposed to UV light compared to the devices listed in Table 1.  Nevertheless, 8% external 
quantum efficiency is promising, considering that fully solution-processable devices can 
be fabricated by employing copolymer 3. 
 







250 7.8 ± 0.4 % 26 ± 2 
350 7.0 ± 0.4 % 24 ± 2 
450 8.4 ± 0.1 % 28 ± 1 


























































Figure B.2  Luminance and external quantum efficiency as a function of applied voltage 




B.4  Conclusion 
A polymer with hole-transporting carbazole groups and crosslinking cinnamate 
units was synthesized.  It was found that the crosslinking process, where the polymer is 
exposed to UV light for 30 minutes, adversely affects the device performance, possibly 
due to a partial decomposition of the carbazole groups on the polymer.  On the other hand 
external quantum efficiencies as high as 8.4% were obtained by employing the polymer 
as the hole-transport layer in OLEDs.   
 
B.5  Experimental 
All reagents were purchased either from Acros Organics or Aldrich and used 
without further purification unless otherwise noted.  1H-NMR and 13C-NMR spectra (300 
MHz 1H NMR, 75 MHz 13C NMR) were taken using a Varian Mercury Vx 300 
spectrometer.  All spectra are referenced to residual proton solvent.  Gel-permeation 
chromatography (GPC) analyses were carried out using a Waters 1525 binary pump 
coupled to a Waters 2414 refractive index detector with methylene chloride as an eluant 
on American Polymer Standards 10 µm particle size, linear mixed bed packing columns.  
The flow rate used for all the measurements was 1 mL/min.  All GPC measurements were 
calibrated using poly(styrene) standards and carried out at room temperature.   
Synthesis of polymer 3.  A mixture of polymer 1 (500 mg), compound 2 (375 mg, 2.1 
mmol), and potassium carbonate (375 mg, 2.7 mmol) in 10 ml of DMF  was stirred at 85 
oC for 24 hours.  The mixture was poured into water, followed by the addition of 
methylene chloride.  The organic layer was collected, washed with brine, and 
concentrated in vacuo, followed by the precipitation in methanol.  Polymer 3 was 
obtained as a white solid, for which 1H-NMR spectrum showed the complete 
disappearence of the chlorine groups .  1H NMR (300 MHz, CDCl3) (ppm): δ = 0.85-1.75 
(m, br), 2.47 (br), 3.25 (m, br), 3.82 (s, br), 4.90 (br), 6.37 (br), 7.05 (br), 7.48 (br), 7.65 
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(br).  13C NMR (75 MHz, CDCl3) (ppm): δ = 167.5, 160.3, 144.2, 139.8, 139.7, 139.5, 
137.2, 137.1, 129.6, 127.1, 127.0, 124.9, 124.8, 123.6, 121.7, 120.1, 118.7, 118.6, 115.3, 
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ORGANOCATALYTIC ONE POT TANDEM REACTIONS 
 
 
C.1  Abstract 
Organocatalysts are studied for homogenous one-pot tandem reactions with a 
focus on oxidations of alcohols, enantioselective aldol reactions, acetylation of secondary 
alcohols, and Michael additions.  It was found that it is possible to perform three 
reactions, which are catalyzed by three different catalysts, in a tandem fashion in one pot.    
 
C.2  Introduction 
Sequential catalytic reactions that take place in one pot by the employment of 
different catalysts are highly desirable, as the isolation and purification of intermediates 
are avoided, making these reactions more economical and environmentally friendly.1-5  
Organocatalysis is attractive for such applications since it avoids the use of expensive and 
toxic metal based catalysts.6  However, it suffers from the disadvantage of high catalyst 
loading compared to the metal-catalyzed reactions.7  Therefore, it is beneficial to attach 
organocatalysts to polymer backbones, which might result in recyclable catalysts that 
eliminate the drawback of high catalyst loading.8-10  This section is focused on the 
identification of two or three different organocatalysts that can be attached to the same 
polymer backbone in order to produce recyclable catalysts for homogeneous one pot 
tandem reactions.  
Four different types of reactions are studied in this section: Proline-catalyzed 
enantioselective aldol reactions, quinine catalyzed Michael additions, DMAP- or 
tetramisole-catalyzed acetylation of the secondary alcohols, and TEMPO-catalyzed 
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oxidation of the primary alcohols to aldehydes (Figure C.1).  Proline and its derivatives 
are extensively used for a wide variety of reactions including aldol reactions.11,12  In 
general, high catalyst loadings (~30 mol%) are necessary for the reactions to proceed, 
which makes proline an ideal candidate for polymer support.13-15  Therefore, in our 
studies, we kept the proline-catalyzed aldol reaction as one of the reactions of the one pot 
reactions, and varied the second reaction.  As a first step, in Section C.3, the effects of the 
reaction conditions on proline-catalyzed aldol reactions are studied.  In Section C.4, as a 
first attempt to accomplish tandem reactions, quinine is employed as a catalyst for 
Michael additions16-20  along with proline.  Combination of Michael addition and 
intramolecular aldol reaction can be envisioned to produce cyclic structures that are 
intermediates in natural product synthesis.21-23  
Another reaction that can be complimentary to the aldol reaction is the acetylation 
of the secondary alcohols by DMAP.24-26  In Section C.4, it will be shown that the alcohol 
produced by the aldol reaction can be acetylated effectively by DMAP, making proline 
and DMAP promising candidates for one pot reactions.   
The kinetic resolution of the secondary alcohol produced by the aldol reaction can 
be achieved by employing a chiral acetylation catalyst instead of achiral DMAP.  In 
Section C.5, DMAP is replaced with tetramisole, which is an enantioselective acetylation 
catalyst,27  and as a third reaction, TEMPO-catalyzed oxidation of the primary alcohols to 
aldehydes is introduced.28-31  Thus, it will be possible to synthesize an enantiomerically 
pure β-hydroxyketone starting from a primary alcohol after three reactions in one pot.  










Figure C.1.  Organocatalysts studied for one pot tandem reactios 
 
C.3  Proline-Catalyzed Aldol Reactions 
Proline and its derivatives have been widely employed as catalysts for aldol 
reactions of aldehydes and ketones.11  For these reactions, a large excess of the ketone, 
and 30 mol% catalyst with respect to the aldehyde are employed.32  In order to determine 
the effects of the catalyst loading, ketone concentration, and the reaction time on the 
chemical yield, 4-nitro benzaldehyde and acetone in DMF were reacted as shown in 
Scheme C.1.  This reaction has been used as a model system to determine the activity of 
the catalysts.14,15,32,33  The reported procedure for this reaction with 30 mol% (with 
respect to 4-nitro benzaldehyde) proline and 70 times excess (with respect to 4-nitro 
benzaldehyde) of acetone affords the product in 68%.32  Table C.1 lists the yields of the 
reaction as a function of catalyst loading, acetone concentration, and reaction time.  
Decreasing the catalyst loading to 20 mol% did not significantly affect the reaction, 
whereas no product was obtained when the loading was 10%.  The concentration of 
acetone is also found to play a significant role.  When the concentration was decreased to 
one fifth of the reported concentration, the yield decreased to around 45% from 67%.  On 
the other hand, increasing the reaction time has no effect on the yield, indicating that 
there is no side-product formation after the reaction is complete.  Enantioselectivities of 






Scheme C.1  Aldol reaction between 4-nitro benzaldehyde and acetone 
 
Table C.1  Yields of the reactions between 4-nitro benzaldehyde and acetone as a 
function of catalyst loading (with respect to 4-nitro benzaldehyde), acetone concentration, 










Literature 30 70 4 68 
1 30 70 5 67 
2 30 70 12 68 
3 30 14 5 47 
4 30 14 16 42 
5 20 70 12 65 
 
 
C.4  DMAP-Catalyzed Acetylation of Alcohols 
DMAP can be used as the second catalyst for the acetylation of the secondary 
alcohol produced by the aldol reaction (Scheme C.2).  Table C.2 lists the reaction yield as 
a function of catalyst concentration, catalyst type, and the reaction time.  The reaction is 
complete in 1 hour with a catalyst concentration of 0.1M.  The reaction goes to 
completion even upon decreasing the catalyst concentration by half but the reaction time 
increases by a factor of two.  The reaction yield decreases with increasing reaction time 
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(Table C.2, entries 1-3).  Upon completion of the reaction, the product starts 
decomposing, producing acetic acid and an α,β unsaturated ketone.  Therefore, unlike the 
aldol reaction described in the previous section, it is crucial to stop the reaction as soon as 
the reaction is complete.  The control experiment with proline as the only catalyst showed 
that proline cannot catalyze this reaction (Table C.2, entry 4).  Furthermore, the presence 
of proline along with DMAP did not affect the reaction yield, suggesting that proline and 
DMAP are compatible with each other, making them suitable catalysts for attachment to 




Scheme C.2  Acetylation of the product of the Aldol reaction of Figure 1. 
 
Table C.2  Dependence of the reaction yield on catalyst concentration, catalyst type, and 
the reaction time. 
 
Reaction Ma Catalystb Time (h) Yield (%) 
1 0.1 DMAP 20 26% 
2 0.1 DMAP 1.5 73% 
3 0.1 DMAP 1 quantitativec 
4 0.1 Proline 30 0 
5 0.1 Proline+DMAP 1 quantitativec 
6 0.05 Proline+DMAP 2.5 quantitativec 
a catalyst concentration in DMF. b catalyst loading with respect to the alcohol: 1-3, 10%; 
4, 30%; 5-6, 30% proline, 10% DMAP.           c NMR yields 
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C.5  One Pot Tandem Michael Addition and Aldol Reaction 
Another possibility for one-pot two-reaction system is the combination of Michael 
addition and Aldol reaction.  The reactions shown in Figure C.3 (Michael addition to 
obtain compound 3, and then aldol reaction to obtain 4) have been reported to be 
catalyzed by proline.21  However, the reaction is carried out at 35 oC and the reaction time 
is almost 4 days (Table C.3).  Employment of two different catalysts, one for the Michael 
addition, and one for the aldol reaction might result in a shorter reaction time.  Table C.3 
lists the chemical yields of compounds 3 or 4 as a function of the catalyst type and 
concentration.  Quinine is employed as the catalyst for the Michael addition and as 
indicated in Table C.3, it cannot catalyze the aldol reaction but it is effective for the 
Micheal addition (entry 3).  When proline is the only catalyst and the catalyst 
concentration is increased to 0.5M, the reaction time becomes shorter (about 2 days).  
Furthermore, when proline and quinine are used together, compound 4 was obtained in 1 
day (entry 5), indicating that the two-catalyst approach is more efficient than the one 
catalyst approach.  On the other hand a slight decrease in enantioselectivity is observed 
for the two-catalyst system.  Unfortunately, similar reactions between cyclic diketones 
and methyl vinyl ketone failed to give the desired products.  Therefore, these reactions 





Scheme C.3  One Pot Tandem Michael addition and Aldol Rection. 
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Table C.3  One Pot Tandem Michael addition and Aldol reaction. 








Literature 0.16 1+2 proline 4 49 76 35 89 
1 0.5 1+2 proline 4 52 70 25 54 
2 0.5 3 proline 4 57 75 25 - 
3 1 1+2 quinine 3 64 - 25 - 
4 0.1 1+2 quinine - 0 - 25 24 
5 0.5 1+2 2 catalysts 4 49 63 25 24 
 
C.6  One-Pot Tandem Alcohol Oxidation, Aldol Reaction, and Acetylation  
According to the findings of Sections C.3, C.4, and C.5, the two catalysts that can 
be attached to the same polymer backbone might be proline and a catalyst for acetylation 
reactions.  A third catalyst that can be added to the reaction sequence is TEMPO for the 
oxidation of the primary alcohols.  Thus, it might be possible to carry out three reactions 
in one pot as shown in Scheme C.4.  The first reaction is the oxidation of a primary 
alcohol to the corresponding aldehyde, which then can react with acetone for the aldol 
reaction as the second reaction.  Finally, the third reaction is the kinetic resolution of the 
product of the aldol reaction by a chiral acetylation catalyst such as tetramisole.  In order 
to determine the feasibility of the approach, reactions shown in Scheme C.4 were carried 
out with small molecule catalysts.  Bromobenzyl alcohol was oxidized to 4-
bromobenzaldehyde in the presences of TEMPO as the catalyst and 
[bis(acetoxy)iodo]benzene as the stoichiometric oxidant.34  After the reaction is complete 
(1 hour), the other two catalysts, proline and tetramisole were added along with acetone 
and DMF.  After 16 hours, acetic anhydride was added as the final reactant.  Yields of the 
compounds 5 and 7 are 40% and 10%, respectively.  A side product, compound 8, was 
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formed during the acetylation of compound 6 in 13% yield.  This side reaction might be 
avoided by carefully adjusting the reaction conditions, as demonstrated in Section B.4.  
Although the ee’s of the products are not determined, the low yield of the acetylation 
reaction indicates that tetramisole reacts preferentially with compound 6 ((S)-enantiomer 
of the aldol product) rather than 5 ((R)-enantiomer of the aldol product), which is in 
accord with the literature report.27  These results show that it is possible to carry out three 
reactions in one pot in a tandem fashion.  On the other hand it should be noted that 
proline and tetramisole should be added to the reaction medium after the alcohol 
oxidation is complete.  When all three catalysts mixed at the same time, the aldol reaction 
failed, and the yield of the oxidation reaction decreased, suggesting that 
[bis(acetoxy)iodo]benzene reacts with proline.  In a test reaction, proline-catalyzed aldol 
reaction in the presence of TEMPO preceded without any difficulty, indicating the 
adverse effect of [bis(acetoxy)iodo]benzene on proline.  Nevertheless, it is possible to 
attach proline and tetramisole to a polymer backbone to accomplish two reactions in one 
pot, and TEMPO can be used as a small molecule catalyst along with the polymer for the 




Scheme C.4   One-Pot Tandem Alcohol Oxidation, Aldol Reaction, and Acetylation. 
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C.7  Poly(styrene) with Side-Chain Proline 
Proline plays a crucial role in our polymeric catalyst design.  Therefore, it is 
important to determine the catalytic activity of a polymer with side-chain proline as the 
only catalyst.  If the catalytic activities of the small molecule proline and polymeric 
proline are similar, a second catalyst can be attached to the polymer along with proline to 
construct a more complex system.  In this section, covalent attachment of proline to 
polystyrene backbone is described (Scheme C.5).  Compounds 9 and 10 were synthesized 
according to the literature procedures.15,35  Monomer 11 was obtained by the coupling of 
9 and 10 in the presences of DCC and DMAP.  Polymerization of 11 using AIBN as the 
initiator yielded polymer 12 (Mw = 9.7 kDa, PDI = 2.51).  Removing the protecting 
groups on the amine and carboxylic acid groups of proline is the final step to obtain the 
polymeric catalyst.  Unfortunately, deprotection using HCl or TFA resulted in insoluble 
materials, which could not be characterized.  After deprotection, the amine and 
carboxylic acid groups on proline might provide sites for hydrogen bonding that can lead 
to a crosslinked polymer network, which can explain the insolubility of the polymer.  
However, the polymer is still insoluble in solvents such as DMSO, which is expected to 
disrupt the hydrogen bonding.  Furthermore, heating the polymer in various solvents did 
not cause any changes in solubility.  At this stage, the origin of the insolubility is not 





Scheme C.5  Synthesis of poly(styrene) with side-chain protected proline. 
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Figure C.3  1H-NMR spectrum of polymer 12. 
 
 
C.8  Conclusion 
Organocatalysis for one pot tandem reactions are studied.  It was found that 
proline is compatible with acetylation catalysts such as DMAP or tetramisole, indicating 
that aldol reactions and acetylation reactions can be carried out sequentially in one pot.  
On the other hand, the reaction conditions should be carefully adjusted in order to 
optimize the reaction yield.  For example, there is no side product formation for the aldol 
reaction upon increasing the reaction time, whereas, the yield of the acetylation reaction 
decreases rapidly with increasing reaction time due to the side reactions.  Furthermore, it 
was found that TEMPO-catalyzed oxidation reactions can be added to the reaction 
sequence in order to perform three reactions in one pot.  Finally, a protected proline-
functionalized poly(styrene) was synthesized to create a recyclable catalyst for aldol 
reactions.  Unfortunately, the deprotection step resulted in insoluble materials.     
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C.9  Experimental 
All Reagents were purchased either from Acros Organics or Aldrich and used 
without further purification.  1H-NMR and 13C-NMR spectra (300 MHz 1H NMR, 75 
MHz 13C NMR) were taken using a Varian Mercury Vx 300 spectrometer.  All spectra 
are referenced to residual proton solvent.  Abbreviations used include singlet (s), doublet 
(d), triplet (t), and unresolved multiplet (m).  Mass spectral analyses were provided by the 
Georgia Tech Mass Spectrometry Facility.  Gel-permeation chromatography (GPC) 
analyses were carried out using a Waters 1525 binary pump coupled to a Waters 2414 
refractive index detector with methylene chloride as an eluant on American Polymer 
Standards 10 µm particle size, linear mixed bed packing columns.  The flow rate used for 
all the measurements was 1 mL/min.  All GPC measurements were calibrated using 
poly(styrene) standards and carried out at room temperature.   
Synthesis of (2R,4R)-di-tert-butyl 4-(5-oxo-5-(4-
vinylbenzyloxy)pentanoyloxy)pyrrolidine-1,2-dicarboxylate, 11.  A mixture of 
compounds 9 (0.39 g, 2.9 mmol), 10(1.16 g, 2.9 mmol), DCC (0.66 g, 3.2 mmol), and 
DMAP (0.12 g, 1.0 mmol) in 30 mL CH2Cl2 was stirred for 24 hours at ambient 
temperatures.  The solvent was evaporated and the residue was purified via column 
chromatography (silica, 1:1 hexanes/ethyl acetate) to give compound 11 (1.30 g, 87% 
yield).  1H NMR (300 MHz, CDCl3) δ 7.39 (2H, d, J =8.7); 7.29 (2H, d, J =8.7); 6.69 
(1H, dd, J =18.0, 10.8); 5.74 (1H, dd, J =18.0, 1.0); 5.24 (2H, m); 5.07 (2H, s); 4.22 (1H, 
m); 3.72-3.42 (2H, m); 2.37 (5H, m); 2.15 (1H, m); 1.93 (2H, pentate, J = 6.9); 1.44 
(18H, m).  13C NMR (75 MHz, CDCl3) δ 172.8; 172.6; 172.5; 171.8; 171.6; 154.0; 137.8; 
136.5; 135.6; 128.8; 126.6; 114.6; 81.6; 80.5; 80.3; 72.9; 72.1; 66.3; 58.6; 52.4; 52.2; 
36.8; 35.7; 33.4; 28.6; 28.5; 28.2; 28.1; 20.2.  MS Calcd (M): 517.3. Found (ESI): 518.3 
(M+1).     
Synthesis of polymer 12.  A solution of monomer 11 (350 mg, 0.67 mmol) and AIBN 
(4.0 mg, 0.024 mmol) in 1.7 mL chlorbenzene was stirred at 80 oC under argon for 3 
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days.  The reaction mixture was cooled to room temperature and poured into hexane to 
precipitate the product.  The powder was collected by filtration, dissolved in CH2Cl2, and 
precipitated into hexane to give polymer 12 as a white powder.   1H NMR (300 MHz, 
CDCl3) (ppm): δ = 6.99 (br), 6.46 (br), 5.26 (s, br), 5.02 (br), 4.23 (br), 3.66(br), 3.48 
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